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The main focus of this thesis is to develop and investigate a new possible solution for 
compensation of in-phase/quadrature-phase (I/Q) impairments and power amplifier 
(PA) nonlinearity in wireless transmitters using accurate, low complexity digital 
predistortion (DPD) technique. After analysing the distortion created by I/Q modulators 
and PAs together with nonlinear crosstalk effects in multi-branch multiple input 
multiple output (MIMO) wireless transmitters, a novel two-box model is proposed for 
eliminating those effects. The model is realised by implementing two phases which 
provide an optimisation of the identification of any system. Another improvement is the 
capability of higher performance of the system without increasing the computational 
complexity. Compared with conventional and recently proposed models, the approach 
developed in this thesis shows promising results in the linearisation of wireless 
transmitters. Furthermore, the two-box model is extended for concurrent dual-band 
wireless transmitters and it takes into account cross-modulation (CM) products. 
Besides, it uses independent processing blocks for both frequency bands and reduces the 
sampling rate requirements of converters (digital-to-analogue and analogue-to-digital). 
By using two phases for the implementation, the model enables a scaling down of the 
nonlinear order and the memory depth of the applied mathematical functions. This leads 
to a reduced computational complexity in comparison with recently developed models. 
The thesis provides experimental verification of the two-box model for multi-branch 
MIMO and concurrent dual-band wireless transmitters. Accordingly, the results ensure 
both the compensation of distortion and the performance evaluation of modern 
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Almost 300 years ago, the development of wireless communications began. Without 
hesitation, we can say that true wireless communications were based on the works of 
James Clark Maxwell and Heinrich Hertz. Maxwell discovered the science of 
electromagnetism, which opened the door for the use of radio waves for radio, 
television and personal mobile communications. Moreover, he theoretically predicted 
and proved the existence of electromagnetic waves. All of these led to the discovery of 
radio waves by Heinrich Hertz, who experimentally validated that electrical energy can 
be transmitted using electromagnetic waves. However, the first person who proposed 
the use of radio waves for transmitting coded information was Nikola Tesla. Also, he 
proposed first radio communication systems. Nearly simultaneously, Guglielmo 
Marconi patented the telegraph which was the first practical system of wireless 
telegraphy. Using telegraph he sent (and received) Morse code across the English 
Channel. Therefore, Marconi became known as the “wizard of wireless”. A few more 
years had to pass until the idea of reliable transmission of information through wireless 
channel could be realised. Claude Shannon is the one who is responsible for paving the 
way for modern communications. Nowadays, wireless communications is one of the 
most developed areas in the industry of telecommunications.     
1.1 Introduction  
During the past years, the progress of wireless communications has increased 
tremendously worldwide. The main goal is to provide high data capacity with low-cost 
services. The first generation (1G) wireless communications used analogue transmission 
which provided basic voice communication with limited roaming. Development of 
second generation (2G) of wireless communications improved capacity of the systems 
as well as voice quality. Also, roaming became more prevalent and low bit rate data 
services were supported [1-1]. Since 2G could not meet the requirements of the data 
rates, the progress of third generation (3G) wireless communications advanced. 
Moreover, introducing 3G enabled services independent of the technology platform, 
would be further developed by the fourth generation (4G). Furthermore, 4G enabled 
high data rates with good quality of service (QoS).  
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As it can be seen from Figure 1.1, overall mobile data traffic is expected to grow to 24.3 
exabytes per month by 2019; nearly a tenfold rise over 2014. The number of wireless 
devices which are accessing mobile networks worldwide is increasing, which is one of 
the primary contributors to global mobile traffic growth [1-2].  
 
Figure 1.1: Cisco forecasts 24.3 exabytes per month of mobile data traffic by 2019 [1-2].  
Therefore, wireless communications have geared to higher data rates, greater spectral 
efficiency, low latency, better reliability and availability. It becomes a major way of 
communicating and transmitting data.  
Figure 1.2 illustrates basic blocks in wireless communication systems. As it can be 
noticed, both the transmitter and the receiver consist of two main blocks: digital and 
analogue. The digital block is responsible for formatting the data stream using different 
encoding processes, whereas the analogue block is responsible for converting signal 
from digital to analogue domain and from baseband to radio frequencies (RFs).  Thus, 
these blocks format the data stream in a form suitable for transmission through wireless 
channels. Such wireless systems are required to work with a limited amount of energy 
and RF resources while the QoS is still at high level. In other words, wireless 


































Figure 1.2: Basic blocks in wireless communications systems. 
One of the main trends in the evolution of wireless transmitters is to implement more 
and more of the transmitter functionalities using digital signal processing (DSP). 
However, those modern wireless transmitters involve highly complex DSP blocks. Real 
wireless transmitters, like all physical systems, are not ideal, since their components 
introduce distortion in the transmitting signal. This distortion is mainly produced by 
nonlinear components in the RF front ends, such as In-phase/Quadrature-phase (I/Q) 
modulators and power amplifiers (PAs).    
Modern wireless transmitters include complex I/Q modulators that imply generating and 
processing the I and Q channel inputs separately. Therefore, any differences between 
these two components cause imperfections, such as amplitude and phase imbalance and 
discrete (DC) offset. These impairments are called linear distortion [1-3]–[1-5]. The 
high spectral efficiency is achieved when an I/Q modulator operates near its maximum 
output level. Thus, the presence of nonlinear distortions caused by an I/Q modulator 
cannot be avoided [1-6]–[1-7]. All these impairments cause a strong degradation of the 
final signal quality. The nonlinear PA amplifying the wideband signals with non-
constant envelope produces nonlinearities, which contribute further to signal distortion 
[1-8]–[1-10]. More complex multiplexing systems, such as multiple input multiple 
output (MIMO) are even more sensitive to I/Q impairments and PA nonlinearity than 
the single-carrier modulation technique [1-11]–[1-12]. Those systems appear as a 
promising technique which can support up to 1 Gb/s for downlink (DL) and 500 Mb/s 
for uplink (UL) within a bandwidth of 100 MHz. To achieve these strong service 
demands it is necessary to use multi-branch or multi-frequency MIMO wireless 
transmitters [1-13]. The main problem with multi-branch and multi-frequency MIMO 
wireless transmitters is that they introduce crosstalk effects and cross-modulation (CM) 
products as additional distortion to the signal respectively. Therefore, in recent years, 
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more and more attention has been shifted towards developing compensation techniques 
which jointly mitigate I/Q impairments and PA nonlinearity and MIMO impairments 
(crosstalk effects and CM products). With the increasing demands for the system 
performance and supported data rates on one side and the terminal flexibility and 
implementation costs on the other, the requirements for the suppression of nonlinear 
distortion in wideband multichannel wireless transmitters becomes extremely 
challenging to meet. Thus, the modelling and compensation of the impairments 
produced by imperfect hardware implementing digital predistortion (DPD) technique is 
the focus of this thesis.  
1.2 Overview of Past Research work  
With fast development of wireless communications, the requirements of both linearity 
and efficiency of wireless transmitters rise rapidly. These high demands accelerate the 
progress of different linearisation techniques, such as feed-forward [1-14], RF feedback 
[1-15] and DPD. The use of feedback technique limits the gain of PA to the gain of the 
feedback loop. Also, the delays associated with the feedback loop must be small enough 
to ensure stability. The main drawback of feed-forward is sensitivity to changes in 
operating conditions.  Moreover, this technique is not adaptive. The DPD is the most 
cost-effective method [1-16]–[1-19] which minimises the output distortion and reduces 
spectral re-growth. It has the advantage of unconditional stability and there is no need 
for an extra PA. These additional PAs that exist in both feed-forward and feedback 
linearization techniques increase the cost and reduce the stability of implemented 
techniques. By employing DPD technique for the suppression of distortion in the 
baseband block, problems like distortion and spectral re-growth can be mitigated. Also, 
it maximises the power efficiency by digitally preprocessing the input signal in order to 
achieve a highly linear overall transfer function. However, this results in small 
bandwidths due to the current limited DSP computational rates. 
1.3 Aims and Objectives of the Thesis 
The main goal is to develop a novel DPD technique which has potential to jointly 
compensate I/Q impairments and PA nonlinearity and MIMO impairments (crosstalk 
effects and CM products) in 4G wireless transmitters. In addition to nonlinear distortion 
introduced from both I/Q modulator and PA, MIMO wireless transmitters have other 
side effects that researchers should be aware of. A nonlinear crosstalk specific for multi-
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branch MIMO wireless transmitters and CM products that are introduced using 
concurrent dual-band wireless transmitters will be investigated in details. The overall 
task during this PhD project is based on: developing low-complexity DPD technique for 
the joint compensation of I/Q impairments and PA nonlinearity in multi-branch MIMO 
and concurrent dual-band wireless transmitters. 
1.3.1 Aims 
The aims of this thesis are: 
 Evaluation of undesired effects such as I/Q impairments, PA nonlinearity and 
crosstalk effects and CM products in multi-branch MIMO and concurrent dual-
band wireless transmitters. 
 
 Development a of novel two-box model for multi-branch MIMO wireless 
transmitters. 
 
 Implementation and experimental validation of the proposed two-box model for 
dual-branch MIMO wireless transmitters using 4G signals and a real PA. 
 
 Matlab simulation of the proposed two-box model for four-branch MIMO wireless 
transmitters using 4G signals. 
 
 Development of a novel two-box model for concurrent dual-band wireless 
transmitters. 
 
 Implementation and experimental validation of the proposed two-box model for 
concurrent dual-band wireless transmitters using 4G signals and a real PA. 
1.3.2 Objectives 
The individual research objectives to achieve these aims can be summarised as follows:  
 Investigation of behavioural models of I/Q modulators and PAs for the 
development of a DPD technique.  
 Investigation of different adaptation methods to find the best compromise 
between accuracy and complexity for overcoming degradation that appears in 
I/Q modulators and PAs.  
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 Providing a comparative overview of the existing DPD techniques.  
 Providing a literature overview of recent advancements in the area of multi-
branch MIMO and concurrent dual-band wireless transmitters.  
 Setting up the experimental test-bed for developing as well as testing new 
predistortion methods. Setup contains a real PA (Mini Circuits ZFL-500), 
Keysight ESG-D Series Signal Generator E4433B, Keysight MXG Vector 
Signal Generator N5182A, Keysight VSA Series Transmitter Tester and finally, 
Matlab, ADS, Keysight Signal Studio Toolkit, Keysight DS 89604 and Keysight 
VSA 89601. 
 Creating LAN and GPIB connections between a PC and the instruments: ESG 
E4433B, MXG N5182A and VSA Series Transmitter Tester for faster offline 
and online data processing and developing of adaptive system that require all 
components of experimental test-bed to be connected.  
 Developing a new two-box model for multi-branch MIMO wireless transmitters 
with complexity reduction.  
 Experimental verification of this model for dual-branch MIMO wireless 
transmitters. 
 Matlab simulation of this model for four-branch MIMO wireless transmitters. 
 Developing a two-box model applicable for concurrent dual-band wireless 
transmitters. 
 Investigating the complexity and linearity of the proposed two-box model for 
both multi-branch MIMO and concurrent dual-band wireless transmitters. 
 Comparative review of this work with the relevant recent works on both multi-
branch MIMO and concurrent dual-band wireless transmitters.   
1.4 Outline of The Thesis 
This section summarises the contents of the thesis for the period from 2012-2015, which 
is organised into six chapters.  
Chapter 2 presents a brief introduction to the background theory relevant to the 
undertaken research work. It provides an overview of the linearity requirements and the 
main signal parameters in wireless transmitters. Basic theory about distortion caused by 
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both I/Q modulator and PA is demonstrated. Also, multi-branch and multi-frequency 
MIMO wireless transmitters are introduced with attention on the distortion introduced 
using these techniques. In this chapter, the simulation and experimental results of the 
nonlinear distortion introduced using multi-frequency MIMO wireless transmitter are 
presented.      
Chapter 3 presents an overview of the most popular DPD techniques together with 
behavioural models of I/Q modulator and PA. It describes drawbacks and advantages of 
these techniques. Direct learning architecture (DLA) and indirect learning architecture 
(ILA) as DPD extraction techniques are introduced. It also demonstrates DPD models 
for the joint compensation of I/Q impairments and PA nonlinearity and the extensions 
of the existing DPD models to be applicable for multi-branch MIMO and concurrent 
dual-band wireless transmitters.    
Chapter 4 introduces a two-box model for the joint compensation of I/Q impairments 
and PA nonlinearity and crosstalk effects for multi-branch MIMO wireless transmitters. 
The chapter begins with an introduction to the existing DPD models and theirs 
advantages and drawbacks. Then the realisation of the proposed model is presented. It is 
shown that cascading rational function (RatF) and real-Volterra (RV) model can lead to 
the creation of DPD model which improves performance of multi-branch MIMO 
wireless transmitters and lowers the complexity of the system. Also, it is presented that 
the nonlinear distortion is compensated gradually. Expanding on this, the chapter finally 
presents a two-box model which achieves improvements in the adjacent channel power 
ratio (ACPR), error vector magnitude (EVM) and normalised mean square error 
(NMSE).   
Chapter 5 details an implementation of a two-box model for the joint mitigation of I/Q 
impairments and PA nonlinearity and CM products for concurrent dual-band wireless 
transmitters. This chapter gives a brief overview of existing techniques and its 
disadvantages, followed by an explanation of the implementation of the proposed model 
for concurrent dual-band wireless transmitters. Experimental results will be provided in 
order to validate performance. It will be shown that by employing the two-box model, 
not only its complexity can be reduced, but also better performance can be achieved.    
Finally in Chapter 6, the main conclusion of the work presented in this thesis is given 
alongside a summary of the contribution of this work and suggestions for future work 
are highlighted.  
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A list of achievements of the conducted research work and presented in this thesis are 
summarised here. 
1.  The thesis presents the development of novel two-box model for joint 
compensation of I/Q impairments, PA nonlinearity and crosstalk effect for 
multi-branch MIMO wireless transmitters. Proposed model has been verified 
through Matlab simulations and experimental verification. It has been shown 
that the use of proposed two-box model not only improves performance of 
the multi-branch MIMO wireless transmitters but also reduces complexity of 
the system. 
2.  The development of new two-box model for joint compensation of I/Q 
impairments, PA nonlinearity and CM products for concurrent dual-band 
wireless transmitters. Experimental verification of the proposed model has 
been provided. The complexity of modelling process has been significantly 
minimised while the performance of the system are still at high level.  
3.  For the first time, the implementation of two-box model based on RatF-RV 
models has been presented. The main idea is to gradually compensate for the 
nonlinear distortion that appears in multi-branch and multi-frequency MIMO 
wireless transmitters. 
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Modern wireless designs for the next generation wireless systems are growing in 
complexity. Emerging mobile radio techniques require wireless transmitters that can 
support high data rates, throughput and good QoS. Therefore, demands on wireless 
transmitter for linearity and power efficiency, have increased. This chapter provides an 
overview of linearity requirements in wireless transmitter. Firstly, linearity requirements 
and main signal parameters are analysed. Secondly, brief background about distortion 
that is caused by both, I/Q modulator and PA, is explained. Thirdly, multi-branch and 
multi-frequency MIMO wireless transmitters are introduced. Also, short background of 
distortion created by MIMO wireless transmitters is presented.   
2.1 Requirements for Linearity in Wireless Transmitters (I/Q 
modulator and PA) 
The block diagram of simplified direct conversion wireless transmitter architecture is 
shown in Figure 2.1. In this case wireless transmitter has two domains, digital and 
analogue. Digital domain includes baseband waveform generation, basically digital 
signal processing and producing complex-valued signal, while analogue domain is 
responsible for converting that baseband signal to real-valued passband modulated 
signal at RF frequency and amplification of RF signal to the suitable power level 












Figure 2.1: Block diagram of simplified wireless transmitter architecture. 
The I/Q modulator is responsible for frequency conversion (from baseband frequency to 
RF frequency) where the complex-valued baseband input signal is divided into real and 
imaginary part, i.e. in phase (I) and quadrature phase (Q) signals.  
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Ideal passband signal can be defined as: 
                                                ( )   ( )    (     ( ))                                      (2.1)                                                 
where  ( ) is time-varying envelope of the signal,  ( ) is time-varying phase of the 
signal, and    (        ) is carrier frequency. It can be equivalently written in 
quadrature form as: 
 ( )    ( )    (   )    ( )    (   )     { ( ) 
    }   
  ( )        ( )                                                          (2.2)                                                       
where   ( )   ( )    ( ( )) and   ( )   ( )    ( ( )) are I and Q components of 
the signal, respectively, and  ( ) is baseband equivalent signal. Thus, baseband 
equivalent signal can be written as:  
                                                         ( )    ( )     ( )                                         (2.3)        
Unfortunately, in real wireless transmitters this cannot be the case since I/Q modulator 
suffers from imperfect hardware. A simple block diagram of I/Q modulator structure is 
depicted in Figure 2.2. As illustrated, the I and Q signals are fed to digital to analogue 
convertors (DACs), which transform the digital signal into an analogue one. During that 
process nonlinear distortion, as a result of component imperfection, is commonly ensue 
into the signal and it is manifested as a DC offset. It causes leaking carrier into the 
passing signal. Subsequently, the analogue signal is passed by reconstruction filter. 
During this process it is possible to disrupt signal in terms of time delays and phase 
shift. This distortion often introduces memory effects into signals. Then, analogue 
signal is fed to an upconverter, which translates baseband signal to RF frequency. Local 
oscillator (LO) is used to create signals at carrier frequency, which are mixed separately 
with I and Q signals and combined together to create signal at RF frequency. During 
this upconversion process imperfections of the signal might occur and they can be 
manifested as I/Q imbalance and LO leakage. Basically, any differences between 
amplitude of the I and Q signals will cause distortion which is known as amplitude 
imbalance. The orthogonality between two branches is often obstructed by error in 90 
phase shift, which is commonly known as phase imbalance. Due to imperfection it is 
common that one part of the LO signal passes through and degrades the quality of signal 

























Figure 2.2: Block diagram of simplified I/Q modulator structure. 
I/Q modulator induces impairments to the signal and they can be manifested as 
additional components due to LO leakage, DC offset and I/Q imbalance. These 
distortions must not be disregarded since they affect transmitted signal and will further 
introduce distortion when passing through nonlinear component such as PA. 
Figure 2.3 depicts I/Q imbalanced model of I/Q modulator, since perfect analogue I/Q 
mixing is not achievable in real wireless transmitters. The variables    and    denote 
DC offset components for I and Q branches, respectively. Also, imperfection of 
analogue components leads to deviations from both, the desired 90 phase shift (   and 
   represent phase imbalance or quadrature skew) and the desired equal amplitude in I 
and Q branches (   and    represent amplitude imbalance). Functions   ( ) and   ( ) 




















Figure 2.3:  I/Q imbalnced model of I/Q modulator. 
The corrupted RF signal can be expressed as: 
 ( )  (  ( )   )     (      )    ( )  (  ( )   )     (      )    ( ) 
  ( )    ( )   
 ( )    ( )   ( )                                                                       (2.4)                                                                                                                                  
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where the * and subscript ( )  symbol denote convolution and complex conjugation 
operators, respectively,   ( )  
 
 
.   
      ( )     
      ( )/ and   ( )  
 
 
.   
     ( )     
     ( )/, and  ( ) denotes term caused by DC offset. The 
desired term is distorted by self-distortion   ( ). Additionaly, the quality of the signal is 
degraded by both mirror-image distortion   ( ) and DC offset ( ( )). In case where 
      ,      and      amplitude and phase imbalance occurs. Moreover, relative 
difference between   ( ) and   ( ) will increase frequency-dependent I/Q imbalance. 
Contrary, in ideal case        and         and   ( )    ( ) and  ( )   , 
which will lead to   ( )   ( )        ( )      .       
Apart from I/Q modulator, a PA stands for one of the most critical components in the 
wireless transmitter.  As the major power consuming block, it has the greatest impact on 
overall wireless transmitter efficiency. In other words, an efficient PA will reduce the 
cost of power consumption and increase the battery life of wireless transmitter. This 
means that the PA should work in saturation region. However, the increase in efficiency 
will lead to degradation of linearity. Thus, a trade-off between efficiency and linearity 
needs to be considered during designing process. 
Figure 2.4 shows typical input-output amplitude characteristic of PA. As it can be seen, 
real PA response does not have linear characteristic as ideal. The unavoidable thing is 
that PA characteristic in real systems becomes saturated and PA gain declines. 
Moreover, PA introduces memory effects in wireless transmitters, since its response is 
not constant over time. In other words, when signal with wide bandwidth passes through 
PA, it exhibits memory effects. The causes of the memory effects can be attributed to 
the thermal constants of the components in the biasing network that have frequency-
dependent behaviour. As a result, the PA output not only depends on the instantaneous 
input, but also on the past input values. Distortion introduced by PA can be classified 
as: nonlinear distortion catalyzed manly from DC characteristic and memory effects 
caused by non-ideal bias networks, temperature dependence, trapping effects, time 




Figure 2.4:  Input-output characteristics of an ideal and real PA [2-2]. 
 
Categorisation of memory effects that are induced by PA can be classified into two 
groups: electrical and thermal. The electrical memory effects are dominant in wideband 
systems and they are produced by poor gate and drain decoupling in field-effect 
transistor and base and collector decoupling in bipolar junction transistor. Also, they are 
generated by non-constant, frequency-dependent envelope impedances within frequency 
bands. These memory effects result in the frequency-dependent gain and phase shifts of 
the signal passing through the PA. Hence, the memory effects cause distortion of the 
output signal and result in intermodulation distortion (IMD) asymmetry [2-1]. 
 
2.2 Wireless Transmitter System Parameters 
In the following section main system parameters are briefly explained [2-1]–[2-3]. 
2.2.1 PA system parameters 
Gain: 
The gain of a PA is defined as ratio of the output power to the input power. Also, it is 
usually expressed in decibels (dB) as follows [2-1]:  
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                                                (  )       
    
   
                                                     (2.5)                        
where     is the input power and       is the output power. 
Bandwidth: 
The range of frequencies for which the PA gives acceptable performance is called the 
bandwidth. The acceptable performance is different for different applications. 
Additionally, as shown in Figure 2.5, the bandwidth of PA is often defined as the 
difference between lower and higher half power points, which is known as a 3 dB 
bandwidth. Half power point is a frequency where power of a PA decrease by the half 







Figure 2.5: 3 dB bandwidth of a PA. 
Power efficiency: 
Power efficiency is a metric that quantifies the ability of a system to transform the given 
input power to useful output power. The PA as a most power-consuming component of 
a wireless transmitter is responsible for determining the overall power efficiency. The 
three different definitions of PA efficiency exist in the literature, which are the total 
efficiency, the drain efficiency, and the power added efficiency. 
Total efficiency is defined as [2-1]:   
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                                                    (2.6)                                  
where    is the total efficiency of the PA,    ,     and      are the DC and RF powers 
at the input and output of the PA, respectively. 
Drain efficiency is defined as [2-1]: 
                                                                       
        
        
                                         (2.7)         
where          and          are the DC and RF powers, at the drain level of the 
transistor. 
Power added efficiency is defined as [2-1]: 
                                                                  
        
   
                                               (2.8)    
where      is the total power added efficiency of the PA,    ,     and      are the DC 
and RF powers at the input and output of the PA, respectively. 
P1dB compression point (P1dB): 
Figures 2.6 and 2.7 show input-output and gain characteristics of a PA respectively. The 
1dB compression point (P1dB) is a measure of PA linearity. The gain of an amplifier 
compresses when the output signal level enters the compression region before it reaches 
saturation. Higher output power corresponds to a higher compression point. P1dB is an 
input (or output) power for which the gain of the PA is 1 dB less than the small-signal 












Figure 2.7: The gain characteristic of a PA. 
The maximum saturation point corresponds to the point where the PA reaches its output 
maximum power. This maximum power is called the saturation power     ,   -. The 3 
dB saturation power     ,  - corresponds to the power for which the gain of the PA is 3 
dB less than the small-signal gain. To avoid intermodulation (IM) problems and 




Third order intercept point (IP3): 
Graphical derivation of second and third order intercept points is depicted in Figure 2.8. 
The third order intercept point (IP3) is a widely used metric in PAs, which gives 
information about the linearity of a PA. A higher IP3 means better linearity and lower 
distortion generation. It is a theoretical point at which the desired output signal and 
third-order IM (undesired) signal are equal in levels considering an ideal linear gain for 
the PA. The theoretical input point is the input IP3 (IIP3) and the output point is the 










Figure 2.8: The second and third order intercepts points. 
Power back-off: 
An amplifier appears linear for sufficiently small departures from its bias conditions. 
The power back-off is defined as the ratio between the PA’s saturation power to the RF 
signal’s mean power. There are two types of power back-off: input power back-off and 
output power back-off. The back-off at the input of the PA (IBO) is obtained by: 
                                             (  )                                                             (2.9) 
where        and        are the saturation power and mean signal power at the input of 
the PA, respectively. Similarly, the back-off at the output (OBO) of the PA is given by: 
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                                        (  )                                                             (2.10) 
where        and        are the saturation power and mean signal power at the output 
of the PA, respectively.  Moreover, there is the peak back-off (PBO) is given as follows 
[2-2]: 
                                        (  )                                                               (2.11) 
This is the ratio of saturated output power (      ) to peak output power (       ). 
Figure 2.9 graphically illustrates two types of power back-off (PBO and OBO) that are 











Figure 2.9: The output back-off, peak back-off and peak-to-average power ratio for PAs. 
Peak-to-average power ratio (PAPR): 
The peak-to-average power ratio (PAPR) is the ratio between the peak power       
(related to peak amplitude) and the average power       (related to mean amplitude) of 
a signal. It presents a valuable signal parameter in terms of linearity. Also, PAPR is 
called the crest factor and it is defined as: 
                                 (  )        .
   (| ( )| )
    (| ( )| )
/       .
     
     




As presented in Figure 2.9, when the power is logarithmically transformed in dBm, the 
PAPR is a difference between signal peak and average powers. 
2.2.2 Signal Quality Parameters 
The spectrum regrowth or out-of-band distortion represents undesired expansion of the 
output spectrum of a signal into adjacent channel due to nonlinear distortion. Linear 
components do not result in spectrum regrowth. Basically, the nonlinear components in 
wireless transmitters create counterfeit energy near the fundamental and harmonics of 
the carrier frequency that spreads into adjacent channels. The spectrum regrowth is 
measured in decibels relative to the carrier (dBc). Typically, it is measured at the offset 
frequency from the carrier equal to the modulated signal’s bandwidth, or sometimes 1.5 
times the signal bandwidth. The spectrum regrowth improvements on the output of PA 
at lower and upper adjacent bands are graphically demonstrated in Figure 2.10. 



































Error Vector Magnitude (EVM): 
The in-band signal quality can be analysed based on its EVM measurement in time 
domain. The EVM is a common metric for the fidelity of the symbol constellation. In 
other words, EVM is a measure of how far the actual (measured) points are from the 
ideal locations.  
The EVM is the ratio of the power of the error vector to the power of the reference 
vector related to the ideal constellation and it can be defined in dB [2-1]: 
   (  )         .
      
      
/          4    (
(              )
  (              )
 
      
        
 )5 
(2.13)   
or in percentage (%) [2-1]: 
                                                          ( )   √
      
      
                                   (2.14)        
where        and        are the power of the error vector and highest power point in the 
reference signal constellation,        and        are the ideal I and Q signals, and         
and         are the transmitted I and Q signals. Also, the EVM is a measure of the 
quality of the allocated part of the signal. 
2.2.3 Evaluating Performance of Wireless Transmitters 
This chapter describes the metrics used for evaluation of amount of distortion created by 
the imperfect hardware, (mainly I/Q modulator and PA). In other words, these metrics 
are developed to show how well wireless transmitter operates. A mean squared error 
(MSE), a normalised mean squared error (NMSE) and an adjacent channel power ratio 
(ACPR) are typically used for the quantitative measure of an accuracy of the 
behavioural modelling, [2-4]. MSE and NMSE are used as accuracy metrics in time 
domain, whereas ACPR is used in frequency domain. 
Mean Squared Error 
The simplest metric used to show how well the wireless transmitter performs is MSE. It 
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where       and      are the measured and estimated output waveforms, respectively, 
and   is the number of samples of the output waveform. 
Normalised Mean Squared Error 
Metric MSE is not suitable for comparing systems with different power levels. 
Therefore, normalised MSE (NMSE) is commonly used for these cases. Hence, the 
second time-domain metric is NMSE and is defined as: 
                                             .
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/                            (2.16) 
where, similarly as in MSE,      and      are the measured and estimated output 
waveforms, and   is the number of samples of the output waveform.  
Adjacent channel power ratio (ACPR) 
NMSE is considered as in-band measure for the wireless transmitter. There is a need for 
metric that will be used for measuring out-of-band power. Thus, the ACPR is used to 
measure the amount of power leaked into adjacent channel. It is a measure of spectral 
regrowth and appears in the signal sidebands. ACPR is defined as the ratio of power in a 
bandwidth adjacent to the main channel to the power within the main signal bandwidth. 
The ACPR for the right side of the power spectral density (PSD) is defined as: 
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Similarly, the ACPR for the left side of the PSD can be is defined as: 
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where    is the carrier frequency,   is the bandwidth of the modulated signal, and 




2.3 OFDM Modulation-Basic Principle 
Orthogonal frequency-division multiplexing (OFDM) has been chosen as the downlink 
modulation scheme for the third generation partnership project (3GPP) Long-Term 
Evolution (LTE) as 4G and is also used for several other radio technologies, e.g. 
worldwide interoperability for microwave access and the digital video broadcasting 
broadcast technologies. OFDM presents digital multicarrier scheme that uses a large 
number of closely spaced subcarriers to carry data and control information. To be more 
precise it uses a fast Fourier transform (FFT) at the receiver and an inverse FFT 
operation (IFFT) at the transmitter side, to move between time and frequency domain 
representation. The key advantage of OFDM is its ability to perform well through low 
quality channel. It also contains a cyclic prefix (CP) for protecting transmitting 
information.  







This corresponds to the 








Figure 2.11: Moving from time to frequency domain using FFT. 
The basic principle of OFDM system is to use narrow, mutually orthogonal subcarriers. 
Each subcarrier can be modulated using quadrature amplitude modulation (QAM) 
scheme or phase shift keying (PSK). Spacing between subcarriers is 15 kHz regardless 
of the total transmission bandwidth. Thus, symbol rate is 66.7 µs in LTE systems. In 
this way, peaks and nulls of subcarriers line up perfectly at any frequency of subcarrier. 
Each subcarrier is defined in frequency domain by a vector, which represents the 
amplitude and phase of the data symbol that has been mapped to it. After modulation 
process, signal is fed to serial-to-parallel conversion and further to the IFFT block. 
Then, each subcarrier is converted to time domain waveforms using an IFFT. Each 
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input for the IFFT block corresponds to the input representing a particular subcarrier (or 
particular frequency component of the time domain signal) and can be modulated 
independently of the other subcarriers. At this point the CP is inserted for each 
waveform and then waveforms are vector-summed to produce the composite waveform 











Total radio BW (eg. 20 MHz)  
Figure 2.12: Simplified block diagram of OFDM wireless transmitter. 
Moreover, as subcarriers are orthogonal there is no interference between them. 
However, inter-symbol interference (ISI) is caused by dispersive effects of the 
transmission channel. Therefore, cyclic extension is added to compensate for ISI. CP as 
one of the possible cyclic extension implies adding redundancy by repetition of the 
signal. Basically, this process is based on copying the end of the OFDM symbol and 
placing that copy at the beginning of the symbol, for every symbol. The length of the 
CP depends on the impulse response of the wireless channel. In the cellular systems the 
choice of CP depends on the propagation conditions and cell size. For LTE the standard 
CP is set to 4.69 µs.  
Therefore, the centre frequencies of the overlapping channels are: 
                                                                                                    (2.19) 
where    is carrier frequency. The data rate for each substream is   times lower than 
data rate of initial stream.  The modulated signal related to all subcarriers is presented 
as: 
                                    ( )   ∑    ( )    (        )
   
                                       (2.20) 
where  ( ) is the pulse-shaping filter,    is the complex symbol associated with  th 
subcarrier, and    is the phase of the  th carrier. The subcarriers    (  (        )  
  ) provide a set of orthogonal basis function over the interval,    -.  
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2.4 LTE Technology  
The LTE radio transmission and reception specifications for the UE and the eNodeB 
RBS are documented in [2-6]. 
Operating bands:  
LTE must support the international wireless market and regional spectrum regulations 
and spectrum availability. The specifications include variable signal bandwidths 
selectable from 1.4 to 20 MHz, with subcarrier spacing of 15 kHz. Subcarrier spacing is 
constant regardless of the signal bandwidth. 3GPP has defined the LTE radio interface 
to be adaptable to different signal bandwidths with minimum impact on system 
operation [2-7]. Also, LTE support both paired and unpaired bands, which requires 
flexibility in the duplex arrangement. Therefore, LTE supports both frequency division 
duplex (FDD) and time division duplex (TDD) modes. 
Release 8 of the 3GPP specifications for LTE includes fifteen frequency bands for FDD 
and eight for TDD. The paired bands for FDD operation are numbered from 1 to 14 and 
17 as shown in Table 2.1 [2-8]. The unpaired bands for TDD operation are numbered 
from 33 to 40 as shown in Table 2.1. It should be noted that by definition of frequency 
bands does not ensue its availability. 
Table 2.1 shows the currently defined LTE frequency bands, together with the 
corresponding duplex mode (FDD or TDD). The band numbers 15 and 16 are skipped 
since those numbers were used in European telecommunications standard institute 













                 
Duplex 
mode 
1 1920MHz - 1980MHz 2110MHz - 2170MHz FDD 
2 1850MHz - 1910MHz 1930MHz - 1990MHz FDD 
3 1710MHz - 1785MHz 1805MHz - 1880MHz FDD 
4 1710MHz - 1755MHz 2110MHz - 2155MHz FDD 
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5 824MHz - 849MHz 869MHz - 894MHz FDD 
6 830MHz - 840MHz 875MHz - 885MHz FDD 
7 2500MHz - 2570MHz 2620MHz - 2690MHz FDD 
8 880MHz - 915MHz 925MHz - 960MHz FDD 
9 1749.9 MHz - 
1784.9MHz 
1844.9 MHz - 
1879.9MHz 
FDD 
10 1710MHz - 1770MHz 2110MHz - 2170MHz FDD 





12 698MHz - 716MHz 729MHz - 746MHz FDD 
13 777MHz - 787MHz 746MHz - 756MHz FDD 
14 788MHz - 798MHz 758MHz - 768MHz FDD 
     
17 704MHz - 716MHz 734MHz - 746MHz FDD 
     
33 1900MHz - 1920MHz 1900MHz - 1920MHz TDD 
34 2010MHz - 2025MHz 2010MHz - 2025MHz TDD 
35 1850MHz - 1910MHz 1850MHz - 1910MHz TDD 
36 1930MHz - 1990MHz 1930MHz - 1990MHz TDD 
37 1910MHz - 1930MHz 1910MHz - 1930MHz TDD 
38 2570MHz - 2620MHz 2570MHz - 2620MHz TDD 
39 1880MHz - 1920MHz 1880MHz - 1920MHz TDD 
40 2300MHz - 2400MHz 2300MHz - 2400MHz TDD 




One of the properties of the OFDM modulation scheme upon which universal mobile 
telecommunication system has been based on, it is the ability to scale its channel 
bandwidth linearly without changing the underlying properties of the physical layer; 
these being the subscriber spacing and symbol length. LTE was designed to support six 
different channel bandwidths: 1.4 MHz, 3 MHz, 5 MHz, 10 MHz, 15 MHz and 20 MHz 
with 15 kHz subcarrier spacing, which depicts a more deployment flexibility of the 
system [2-7].   
The smallest amount of resource that can be allocated in the uplink or downlink is 
called a resource block (RB). The transmission bandwidth configuration is defined in 
RBs and represents the maximum number of RBs that can be transmitted for any 
channel bandwidth, as given in Table 2.2, [2-7]. An RB is 180 kHz wide and lasts for 
one 0.5 ms timeslot. Therefore, for LTE, a RB includes 12 subcarriers (since frequency 
spacing is 15 kHz). The maximum number of RBs supported by each transmission 
bandwidth and the minimum total power dynamic range of different LTE signals are 
given in Table 2-2. The PAPR of the signal is one half of its dynamic range and directly 
depends on the signal bandwidth and the number of allocated resource blocks [2-8].   
Channel bandwidth BWChannel [MHz] 1.4 3  5 10 15 20 
Transmission bandwidth configuration(RB) 6 15  25 50 75 100 
Table 2.2: Transmission bandwidth configuration. 
 
2.5 Multi-branch and Multi-frequency MIMO Wireless 
Transmitters 
The MIMO as an emerging technique will provide higher data rate, better reliability and 
improve capacity in wireless system. The input data is transmitted using    antennas 
and after passing through the wireless channel it is received by     receiving antennas. 
This way, the capacity of wireless system using MIMO technique is increased by the 
number of antennas that are used on the transmitter and receiver sides without 
increasing the average transmit power or frequency bandwidth [2-1]. 
Additionally, MIMO is often referred as a system where multiple modulated signals are 
simultaneously transmitted through a single or multiple branches of RF front end. These 
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modulated signals can be separated in frequency or space domain. On the one hand, 
MIMO systems with modulated signals separated in space domain correspond to 
wireless topologies with multiple branches of RF front-ends. In these multi-branch 
MIMO systems all branches are simultaneously involved in signal transmission. On the 
other hand, MIMO systems with modulated signals separated in frequency domain refer 
to systems where multiple signals modulated in different carrier frequencies are 
concurrently transmitted through a single branch RF front-end, named multi-frequency 
MIMO systems. One of the most common examples of these systems are concurrent 
dual-band and multi-carrier transmitters [2-9]. 
2.6 Distortion in Multi-branch MIMO Wireless Transmitters 
As expected, implementing multi-branch MIMO wireless transceivers induce several 
challenges. These challenges can be categorised into two groups. The first one consists 
of issues related to general transceiver design, such as transmitter linearity, receiver 
dynamic range, and imbalance and leakages in mixers, and there are not specific to 
MIMO systems [2-10]. These problems are similar to the challenges that single input 
single output (SISO) systems introduce.  
A simplified block diagram of a dual-branch MIMO wireless transmitter as an example 
of a multi-branch MIMO system is shown in Figure 2.13, where two transmitter chains 
exist. As mentioned before, in the direct conversion transmitter, I/Q modulator and PA 
are the most challenging blocks. In this up-converting process impairments such as 
amplitude and phase imbalance, DC offset and nonlinear distortion are unavoidable. As 
a highly nonlinear component, PA will introduce in-band and out-of-band distortion to 
the signal. These will degrade bit error rate at the receiver side and increase inter-























Figure 2.13: Simplified block diagram of dual-branch MIMO wireless transmitter. 
The second group is specific to MIMO transceivers, where multiple 
transmission/reception paths are implemented on the same chipset. Hence, there are 
inevitable interactions and correlations between different signals in a MIMO system, 
called crosstalk effect [2-11]–[2-12]. Speaking generally, crosstalk effect can be 
categorised into two groups: linear and nonlinear. The basic difference is the place of 
origin. If crosstalk affects signal before it passes through nonlinear component, then it is 
nonlinear crosstalk, otherwise is linear. Linear crosstalk can be modelled as a linear 
function of the interference and desired signal. On the other hand, the nonlinear 
crosstalk produces undesired signal at the output of the dual-branch MIMO wireless 
transmitter. The sources of nonlinear crosstalk may be interference in the chipsets 
between the different paths of the MIMO transceiver and leakage of RF signals through 
the common local oscillator path. 
It can be concluded that these crosstalk effect considerably degrade the performance of 
the MIMO system. Linear crosstalk can be easily eliminated at the receiver side using 
matrix inversion algorithm, [2-13]–[2-14]. Contrary, nonlinear crosstalk cannot be 
eliminated or reduced with conventional signal processing algorithms applied to SISO 
systems. Therefore, it must be taken into account during linearisation process.   
In order to quantify contributions of undesired effects in multi-branch MIMO wireless 
transmitters, the four-branch MIMO baseband equivalent wireless transmitter model is 
introduced. It is applied for analysing 64-QAM OFDM signal in multi-branch MIMO 





The system level simulation was performed in Matlab. Signal was generated and passed 
through dual-branch MIMO and four-branch MIMO wireless transmitters. OFDM 
signals with 300 data subcarriers and 512 FFT size, were created. All data subcarriers of 
OFDM signals were modulated with the 64-QAM. In these simulations, different bit 
streams were sent in every of two/four signal paths. Therefore, spatially multiplexed 
dual-branch MIMO and four-branch MIMO wireless transmitters had been analysed. 
Taylor series PA model for real Mini-Circuits ZHL-1042J power amplifier was 
extracted experimentally using test bed [2-16] and this model was used in simulations. 
Simulation results 
In the present simulations, 5  amplitude imbalance and 5° phase imbalance, and 
amount of -15 dB nonlinear crosstalk (three branches in four-branch MIMO wireless 
transmitter have the same crosstalk impact on the simulated branch) are introduced in 
dual-branch MIMO and four-branch MIMO wireless transmitters. Plots in Figures 2.14, 
2.15, 2.16, 2.17 and 2.18 illustrate the constellation diagrams of 64-QAM OFDM signal 
of dual-branch MIMO and four-branch MIMO wireless transmitter for different cases: 
input signal in ideal case without impairments, signal at the PA output without 
additional impairments, signal at the PA output with I/Q imbalance, dual-branch MIMO 
signal at the PA output with I/Q imbalance and nonlinear crosstalk, four-branch MIMO 
signal at the PA output with I/Q imbalance and nonlinear crosstalk. Moreover, in order 
to mathematically quantify level of nonlinear distortion that appears in dual-branch and 
four-branch MIMO wireless transmitters, EVM is calculated and presented for four 





























































                                                                  




















Figure 2.17: The constellation diagram of dual-branch MIMO signal at the PA output 





















                                                                 
Figure 2.18: The constellation diagram of four-branch MIMO signal at the PA output 
with I/Q imbalance and nonlinear crosstalk. 
Undesired effects EVM [%] for MIMO 
dual-branch                 four-branch 
PA nonlinearity 14.8560 14.8561 
I/Q imbalance and PA nonlinearity 15.7654 16.3359 
I/Q imbalance and -15 dB nonlinear 
crosstalk and PA nonlinearity 
18.9952 20.2689 
Table 2.3: EVM for LTE signal using dual-branch and four-branch MIMO wireless 
transmitter. 
Plot in Figure 2.15 shows the effects of PA nonlinearities, where EVM is 14.8%. Also, 
I/Q imbalance has great impact on signal constellation (Figure 2.16); consequently it is 
difficult to distinguish each constellation (EVM is about 15.7% and 16.3% for dual- and 
four-branch cases respectively). When I/Q imbalance is simulated together with 
nonlinear crosstalk effect of dual-branch and four-branch MIMO wireless transmitters, 
it is almost impossible to demodulate the transmitted signal, (Fig. 2.17 and 2.18) and 
EVM is further degraded.  
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The measurement setup is consisted of two signal generators, MXG N5182A and ESG 
E4433B, used to emulate dual-branch MIMO wireless transmitter. General-purpose 
interface bus (GPIB) was used to connect these generators with personal computer (PC). 
The signals were created in Matlab and downloaded to MXG using Agilent Signal 
Studio Toolkit and to ESG using Advanced Design System (ADS) assistance. The 
coupler was utilised in order to model the crosstalk effect that appears in the paths of 
MIMO wireless transmitters. The coupled signal was passed through real PA model 
Mini-Circuits ZFL-500 (P1dB compression point +9 dBm), which represented Device 
Under Test (DUT). During the measurements, the PA was biased to work in hard 
compression region. The output signals from the PA were down-converted with Vector 
Signal Analyzer (VSA) 4406A and captured by VSA Distortion Suite (DS) 89604A 
software running on PC. Connection between the PC and VSA E4406A was established 
via GPIB interface. Finally, the captured signals were passed by VSA 89601A-ADS 
link into ADS for signal analysis. 
Experimental results: 
First experimental measurement was performed with two identical two-tone signals 
with 5 MHz frequency offset. These signals were generated on MXG and ESG 
generators (ESG was used for crosstalk emulation) for fundamental, second and third 
harmonic frequency analysis. Experiment was accomplished for four different cases of 
PA output signals: without impairments, when affected with nonlinear crosstalk, with 
I/Q imbalance and with both, I/Q imbalance and nonlinear crosstalk. In all four cases 
the two-tone signals with the same input power were used. Experimental results are 
shown in Figure 2.19. As noticed, the same power is differently divided between 
components. This is the reason why initial tones get smaller power compared to 
harmonics and IMD. IMD ratio decreases correspondently with the presence of 
additional impairments. The analyses of impairments for conventional SISO wireless 
transmitters which use IMD and harmonics injection DPD techniques have been carried 
out in previous papers, (for instance [2-16]). The problem is that existing analyses 
cannot be used in MIMO wireless transmitters because of the variation of unwanted 
products (IMD and harmonics). Those variations are caused by additional impairments, 
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Figure 2.19: Two-tone measurement results of a dual-branch MIMO wireless transmitter. 
Second experimental measurement was performed with two identical wideband code 
division multiple access (WCDMA) signals. These signals were sent from MXG 
N5182A and ESG E4433B signal generators on the same frequency and with the same 
power, so the effect of nonlinear crosstalk is realised. The amount of this crosstalk was  
-15 dB. Additional distortion to the WCDMA signals was introduced with 5% 
imbalance in amplitude and 5° imbalance in phase. Spectrum of WCDMA signals are 
shown in Figure 2.20 for five different cases: input signal without impairments, output 
PA signal, output PA signal with I/Q imbalance, with nonlinear crosstalk and with both 
effects, respectively. As depicted in Figure 2.20, I/Q imbalance combined with 
nonlinear crosstalk introduced about 20 dB out-of-band distortion to the spectrum. That 
is about 10 dB more distortion then in conventional SISO wireless transmitters without 




Figure 2.20: Power spectrum of the WCDMA signal (a) at the PA input; (b) at the PA 
output; (c) at the PA output with I/Q imbalance; (d) at the PA output with nonlinear 
crosstalk; (e) at the PA output with I/Q imbalance and nonlinear crosstalk. 
 
2.7 Distortion in Multi-frequency MIMO Wireless Transmitters 
Figure 2.21 depicts simplified block diagram of concurrent dual-band wireless 
transmitter where two modulated signals at different operating frequencies are 
transmitted simultaneously. This implies use of PAs that accommodate concurrent 
signals at different frequency bands. The nonlinear behaviour of the dual-band PA is 
more emphasized than in the single band. Moreover, the existence of complex I/Q 
modulators ensues generating and processing the I and Q channel inputs separately. Any 
differences between these two real components cause imperfections, which must be 
taken into account during compensation process. IM products in concurrent dual-band 
















 Figure 2.21: Simplified block diagram of concurrent dual-band MIMO wireless 
transmitter. 
The first one is known as in-band IM, consisting of IM products around each carrier 
frequency, which are solely due to the IM between the signal elements within each 
band.  
The second group includes CM products, which appear within the same frequency range 
as the in-band IM, resulting in IM products between signals in both frequency bands.  
Third group, known as out-of-band IM, represents IM products between the two signals 
in both frequency bands. However, these products are located far away from the desired 
signals in the lower and upper frequency bands and they are easy to compensate using 
filters.  
These three types of IM products, which appear in concurrent dual-band transmitters 
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Figure 2.22: Power spectrum of the signal at (a) the input; (b) the output of concurrent 
dual-band wireless transmitter. 
There are difficulties in the implementation of conventional DPD techniques when it 
comes to compensation of the in-band IM and CM distortion. The use of single digital 
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predistorter (PD) requires capturing the whole dual-band signal spectrum at the output 
of the nonlinear PA. A problem can occur with sampling rate limitation of the analogue-
to-digital convertors (ADCs) and digital-to-analogue converters (DACs).  Since the 
effect of cross-modulation products is not considered, it is not appropriate to use two 
independent conventional DPDs for compensation of distortion in each carrier 
frequency [2-17]. 
2.8 Summary  
In this chapter an overview of linearity requirements and main signal parameters in 
wireless transmitters have been briefly explained. Also, distortion caused by both, I/Q 
modulator and PA has been described. As demands on wireless transmitter for linearity 
and power efficiency have increased, the industry has developed multi-branch and 
multi-frequency MIMO wireless transmitters. Therefore, short background on distortion 
created by MIMO wireless transmitters is presented with the individual impacts of PA 
nonlinearity, I/Q imbalance and crosstalk and CM effects for multi-branch and multi-
frequency MIMO wireless transmitters. Hence, all these impairments must be 
considered carefully during the process of designing of MIMO wireless transmitters and 
appropriate distortion compensators.  
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BEHAVIOURAL MODELLING OF 
WIRELESS TRANSMITTERS AND 
DESCRIPTION OF DIGITAL 
PREDISTORTION TECHNIQUES 
3.1 Introduction 
The nonlinear behaviour of wireless transmitters can significantly degrade the overall 
performance of modern wireless systems. They include complex I/Q modulators, which 
inherently have I/Q impairments. These impairments must be compensated in advance. 
Otherwise, they will limit performance of the compensation technique. The high 
spectral efficiency is achieved when nonlinear component operates near its maximum 
output level, where it exhibits strong nonlinear behaviour. Thus, the presence of 
nonlinear distortion caused by both I/Q modulator and PA cannot be avoided. In recent 
years, more and more attention is shifted towards developing compensation techniques 
which jointly mitigate I/Q impairments and PA nonlinearity. The DPD is one of the 
most popular techniques used for compensating nonlinear distortion that appears in a 
wireless transmitter chain. Figure 3.1 depicts a block diagram of the basic principle 
using DPD technique. This technique is based on adding digital PD in the baseband 
block, which creates inverse nonlinear function to reduce nonlinearity. In other words, 
the cascade of PD and nonlinear components will result in a linear system and power 
efficiency will increase significantly [3-1]–[3-3]. Also placing PD block after nonlinear 
component, should result in linear system. Unfortunately, this type of DPD 
implementation cannot give the same level of linearity as placing PD in the baseband 
block before nonlinear component. The level of nonlinear distortion at the PA output is 
considerably high and using DPD coefficient after nonlinear component cannot 
compensate for the undesirable effects. Also it is easier to manipulate with dpd 
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coefficients and input signal, which is not distorted than dpd coefficients and output 
signal. Implementation of DPD before nonlinear block gives better results.       







Figure 3.1: Block diagram of basic principle of DPD technique. 
In this chapter, an overview of the most popular DPD techniques implemented to 
increase the performance of wireless transmitters is provided, together with a 
description of the advantages and the drawbacks of the presented models. 
3.2  Behavioural Modelling Process  
The DPD technique is based on creating an inverse transfer function of a nonlinear 
component (such as I/Q modulator and PA). Accordingly, a cascade of digital PD and 
nonlinear component will behave as a linear system. Fundamental part of DPD is 
behavioural modelling process which will determine behaviour of the nonlinear 
component. During that process there are no requirements about a deep knowledge of 
the RF circuit physics and functionality. The key idea is that a component of an RF 
circuit, known as a DUT, is considered as a black box. The relationship between input 
and output is described using mathematical formulations. Therefore, the DPD technique 
can be seen as a behavioural modelling problem.  
The performance of behavioural modelling depends on the observation and the 
formulation. The observation relates to the accurate assessment of signals characteristics 
at the input and output of the DUT. The formulation refers to the process of choosing 
adequate mathematical formulation that would describe all crucial interactions between 
the signals at the input and output of the DUT.  
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As can be seen from Figure 3.1, the signal at the input of the digital PD (      ( )) can 
be derived from the signal at the PA output (    ( )) in the case of linear amplification 
system according to:   
                                                                    ( )  
    ( )
 
                                        (3.1)    
where     ( ) is the output waveform and   is the gain of the linearised PA. The 
behavioural modelling process is based on finding     (   ( ))      ( ), while the 
DPD process is based on the estimation     (    ( )  )     ( ). The steps of the 
process are summarised in Figure 3.2. The propagation delay through the DUT will 
introduce a mismatch between the data samples used to calculate the instantaneous 
amplitude modulation to amplitude modulation (AM/AM) and amplitude modulation to 
phase modulation (AM/PM) characteristics of the DUT. This mismatch will translate 
into dispersion in the AM/AM and AM/PM characteristics that can be wrongly 
considered as memory effects. Therefore, the captured PA output signal must be time-
aligned with the captured input signal. The time-aligned input and output waveforms are 
then used to identify the behavioural model/digital PD of the DUT as well as its 
performance [3-2]. 
Get baseband complex waveforms under 
apropriate drive signal






Figure 3.2: Behavioural model extraction procedure. 
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In order to define the behavioural model and the DPD of wireless transmitters, prolific 
mathematical models have been proposed. In this chapter, some commonly used 
formulations, such as memoryless look-up table, nested look-up table, Volterra, 
memory polynomial, generalised memory polynomial, Wiener, and Hammerstein, will 
be presented. 
3.3 Commonly Used Models for PA Modelling 
Look-up table model  
Look-up table (LUT) model introduced in [3-4] presents the basic behavioural model 
for memoryless AM/AM and AM/PM nonlinearities. The AM/AM and AM/PM 
characteristics are used to create LUTs. In those tables the complex gain is stored. 
Therefore, the output signal of DUT, that is modelled using LUT, is defined as: 
                                                         ( )   (|   ( )|)   ( )                                (3.2)             
where  (|   ( )|) is the instantaneous complex gain of the DUT. The AM/AM and 
AM/PM characteristic of the DUT can be obtained from the measured data using the 
averaging or polynomial fitting techniques. The main advantage of this technique is that 
it enables a faster response to changes in the PA characteristics. Therefore, the LUT is 
still used as a model for static nonlinearity in two- and three-box-based behavioural 
models and digital PD [3-2] - [3-4].  
Nested look-up table: 
Conventional LUT model only takes into account the static nonlinearity while excludes 
the memory effects. Thus, a nested LUT is proposed to augment the existing model. For 
ths purpose, the instantaneous gain of the DUT is a function of the actual input sample 
and the     preceding samples (where   is memory depth for the DUT). 
Accordingly, the output signal can be modelled using a nested LUT as: 
                                                         ( )    (|   ( )|)   ( )                             (3.3)          
where input vector    ( )  ,   ( )    (   )      (   )- (  is the memory), 
 (|   ( )|) is the instantaneous complex gain of the DUT. This model does not require 
any curve fitting of the measured data. Also, the complex gain values are derived from 





 Volterra model is the most comprehensive and the most general model for dynamic 
nonlinear systems. It consists of a sum of multidimensional convolutions. The output 
signal modelled using the Volterra model is defined as:   
                              ( )  ∑ ∑  ∑   (      )∏    (    )
 
   
 
    
 
    
 
             (3.4)       
where   (      ) are the parameters of the Volterra model,   is the nonlinearity order 
and   is the memory depth of the model. On the one hand, this model has a high 
accuracy in modelling highly nonlinear systems. On the other hand, the number of 
parameters increases exponentially with the increase of nonlinearity order and memory 
depth. This makes Volterra model useful only in weakly nonlinear systems with low 
memory. Therefore, several models are proposed to simplify the Volterra model. These 
include the pruning techniques and the dynamic reduction deviation technique, [3-5] - 
[3-6].  
To overcome the limitation of the classical Volterra series, a new approach, called a 
modified Volterra series or dynamic Volterra series is developed. Using this model the 
input/output relationship for nonlinear system with memory is described as a 
memoryless nonlinear term plus a purely dynamic contribution. This was based on 
introducing the dynamic deviation function: 
                                                (   )    (   )   ( )                                           (3.5) 
which represents the deviation of the delayed input signal  (   ) with respect to the 
current input signal  ( ). The modification of (3.4) using dynamic deviation function 
will lead to: 
                   ( )  ∑ ∑       ∑   (          )∏ [ ( )    (    )]
 
   
 
    
 
           (3.6) 
Now the following representation of the Volterra series is derived as in [3-5]: 
 ( )   ∑     (     ) 
 ( )                   
∑ 2∑ 0    ( )∑       ∑     (         )∏  (    )
 
   
 
        
1    3
 
                (3.7) 
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where     (         ) represents the  th order Volterra kernel where the first     
indices are “0”, corresponding to the input item     ( ) (    )   (    ). In this 
representation,   is the possible number of product terms of the delayed inputs in the 
input items. Compared to the Volterra model, extraction is much simpler. 
Memory polynomial model: 
Memory polynomial (MP) model is widely used for behavioural modelling and digital 
predistortion of PAs exhibiting memory effects. MP model is a simplified structure of 
the Volterra model and it is also known as parallel Hammerstein (PH) in literature. It 
represents a parallelisation of a nonlinear function followed by a linear memory. In 
comparison with the Volterra model, only diagonal terms are kept. The output 
waveform of the model is: 
                                      ( )   ∑ ∑    | (   )|
  (   )    
   
                      (3.8)         
where   is the polynomial order,   is the memory depth and     are the model 
coefficients [3-2], [3-7].  
Also, several variations of the memory polynomial model have been proposed in 
literature, which include the envelope memory polynomial [3-2], the generalised 
memory polynomial model [3-8] and the orthogonal memory polynomial model [3-9].  
Generalised memory polynomial model: 
Generalised memory polynomial (GMP) behavioural model extends the MP model by 
including more cross-terms. The  th MP component in (3.8) can be written in general 
form as: 
                                          ( )   ∑ ∑     ( )  (   )
  
   
   
                             (3.9)         
where a delay of   samples between the signal and its exponentiated envelope is 
inserted. Taking multiple such delayed version of (3.9) using both positive and negative 
cross-term time shifts and combining with (3.8) results in GMP model.  
The GMP output waveform is written:   
 ( )  ∑ ∑     (   )
    
   
    
   | (   )|
  ∑ ∑ ∑      (  
  
   
    
   
  
   
           )| (     )|  ∑ ∑ ∑      (   )| (     )|
   
   
    
   
  
              (3.10)                                         
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where      are the number of coefficients for aligned signal and envelope (memory 
polynomial),         are the number of coefficients for signal and lagging envelope, 
and        are the number of coefficients for signal and leading envelope. Model adds 
an extra degree of freedom in coefficients that corresponds to the amount of memory in 
the lagging and leading terms.  The merit of this cross-term model is that the 
coefficients appear in a linear form. Therefore, all of the coefficients can be estimated 
using any least square (LS) method. This has great impact on algorithm stability and 
computational complexity. Also, it includes “even order” power terms [3-2], [3-8]. 
Wiener model: 
Wiener model is a special case of the general Volterra model, which is composed of 
linear filter ( ) followed by a nonlinear function. It is known as a two-box model and is 
written in the form: 
                                        ( )  ∑   ,∑  ( ) (   )
   
   -
  
                             (3.11)        
where    are polynomial coefficients of nonlinearity,  ( ) are coefficients of the linear 
finite impulse response (FIR),  ( ) is the input signal and  ( ) is the output signal. 
This model is one of the most manageable ways to combine nonlinearity and memory 
effects. However, Wiener model nonlinearly depends on coefficients  ( ), which 
makes their estimation more complicated than for the models with linear parameters. 
Thus, this model is not widely used for modelling highly nonlinear and efficient PAs, 
[3-2], [3-8], [3-10].  
Hammerstein model: 
Hammerstein model is another simplified form of the Volterra model, which consists of 
nonlinearity followed by a linear filter ( ). The Hammerstein model is written: 
                           ( )  ∑  ( )∑    
 (   )    
   
   .                                        (3.12) 
This is a very simple memory nonlinearity, which has been studied for general 
applications but is of limited effectiveness for PD. It has linear parameters  ( )   if 
they are considered as a two-dimensional array over  and  .   
It can be noticed that the Hammerstein and Wiener models can form mutual inverses if 
their linear filters have stable inverses and if their nonlinear polynomials are one-to-one 




In order to better represent linear memory, a new model is developed by combining the 
Wiener and Hammerstein models. In this way, a cascade of linear filter ( ), 
memoryless nonlinearity and another linear filter ( ) is formed. Wiener-Hammerstein 
model is written: 
                 ( )  ∑  (  )∑    [∑  (  ) (       )
   
    ]
  
   
   
           (3.13)      
As can be seen, this model is more general in comparison with the Wiener and 
Hammerstein models. However, it is still nonlinear in the parameters  (  ), [3-8].  








Wiener-Hammerstein model  
Figure 3.3: Block diagram of Wiener, Hammerstein and Wiener-Hammerstein models. 
3.4 Commonly Used Models for I/Q Modulator Modelling  
Direct-conversion architecture is seen as one of the most popular architectures in 
wireless system due to small-size and low cost. As this structure is reconfigurable, it can 
easily generate RF signals in different frequency bands. Also, fewer components are 
needed for implementation in comparison with super-heterodyne convertors. However, 
direct conversion transmitters inevitably suffer from imperfections that exist in I/Q 
modulator. These imperfections can be considered frequency-independent for 
narrowband signals. On the other hand, for wideband signals this cannot be the case 
since they exhibit frequency-dependent behaviour due to both reconstruction filters and 
analogue modulators. I/Q modulator suffers as well from nonlinear distortion. 
Modelling and compensation of impairments which exist in I/Q modulator have been 
categorised in different ways. Categorisation has been based on the physical location of 
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the modelling and compensation (either at the transmitter and receiver side separately 
[3-11]–[3-14] or jointly for both transmitter and receiver impairments at the receiver 
side [3-15]–[3-16]); the data type needed for modelling and compensation (data-aided 
techniques that utilise pilot symbols [3-17]–[3-18] or blind statistical techniques that use 
properties like correlation between I and Q branch for modelling [3-14]), whether they 
are frequency independent [3-19] or dependent [3-20]–[3-24] and whether they can 
model and compensate for linear [3-11]–[3-12] or both linear and nonlinear 
impairments [3-25]–[3-28]. Furthermore, techniques in [3-29]–[3-31] are proposed for 
joint mitigation of I/Q impairments and PA nonlinearity at the transmitter side.  
In this thesis, I/Q impairments modelling is categorised into linear and nonlinear I/Q 
impairments models in transmitters.          
Also, this thesis is based on a technique that jointly mitigates I/Q impairments and PA 
nonlinearity at the wireless transmitter side. 
Linear I/Q Imbalance: 
As mentioned before, direct conversion wireless transmitters are sensitive to mismatch 
between the I and Q branches. In other words, these mismatches are unavoidable in any 
practical implementation and they can severely degrade the performance of DPD 
technique. Therefore, the effects of I/Q imbalance must be compensated (for example 
by using DSP).  
In [3-11] it was shown that using matrix notation, I/Q imbalance can be modelled as: 
                           [
  , -
  , -
]   [
  , -
  , -
],  6
         
        
7                              (3.14) 
where  , -    , -     , - is the complex baseband representation of the I/Q 
modulator and   , - and   , - are I and Q component of the baseband input signal 
respectively and    and    are amplitude and phase imbalance respectively.  
In [3-12], simple detector diode is used for estimation and compensation of I/Q 
imbalance and DC offset. Implementation of this method is easy, since there is no need 
to know the characteristics of the detector diode. This allows the usage of a power 
detector which is often integrated in PAs in the feedback loop. The benefit comes at the 
expense of the need for a dedicated test signal for the I/Q impairments estimation. 
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These techniques are suitable for narrowband signals, since the amplitude and phase 
imbalance can be considered frequency-independent. Conversely, for wideband signals, 
amplitude and phase imbalance (I/Q imbalance) exhibits frequency-dependent 
behaviour. It comes from frequency-dependent behaviour of the analogue components 
in the I and Q paths. Hence, models which take into account frequency-dependent I/Q 
imbalance are developed.    
Model based on a parametric method of frequency-dependent I/Q imbalance 
compensation using the spectrum measurement of an RF signal is proposed in [3-21]. 
This model empirically estimates the frequency-dependent parameters using only the 
magnitude of the frequency spectrum of the RF signal. Modelling process of frequency-
dependent I/Q imbalance is accomplished using frequency-dependent circuit 
parameters.  
In [3-23], an efficient pre-distortion scheme is developed for frequency-selective I/Q 
mismatch calibration. This technique utilises an internal feedback signal. Also, it is a 
widely linear (WL) predistortion structure, with two different filter estimation schemes 
(second-order statistics of complex random signals and WL LS). 
The above methods only consider the linear distortions while the nonlinear distortions 
are not taken into account. Thus, new models which take into account linear and 
nonlinear I/Q imbalances are developed and presented below.  
Nonlinear I/Q Imbalance: 
In [3-25], model of the nonlinear response of an I/Q modulator is developed.  This 
model is used to investigate impact of the I/Q modulator nonlinearity on spectral 
regrowth of signals. It is based on using complex power series to separately model 
nonlinear characteristic of the I and Q channels. The initial assumption is that the 
nonlinearity of the I and Q channels is isolated. Therefore, it can be modelled as two 
independent bandpass nonlinearities. Consequently, I/Q modulator output signal is 
defined as: 
                                              ,  ( )-     ,  ( )-                                           (3.15)                                                     
where     
       ,  ( )- 
        ,  ( )- 
 (    
 
 ⁄ ) ,    is the carrier frequency, 
and    and    are the complex nonlinear transfer characteristics of the I and Q channel 
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respectively. These    and    transfer characteristics are described as envelope 
complex power series:     
                                      ,  ( )-  ∑          
     
                                                 (3.16) 
                                     ,  ( )-   ∑          
     
                                              (3.17) 
where         and         are the complex power-series coefficients and      is the 
highest order of the nonlinearities. Coefficients are defined as: 
                                                       
     (   ) 
(    ) 
                                               (3.18) 
                                                       
     (   ) 
(    ) 
                                             (3.19) 
where         and         are the complex power series which relate the complex 
envelope of the input to the complex envelope of the output at the carrier frequency. 
They are extracted by fitting a complex polynomial to AM/AM and AM/PM 
measurements of the I and Q channels separately.  
Another type of modelling the nonlinear characteristic of the I and Q channels of the I/Q 
modulator can be presented as a sum of two bandpass nonlinearities that are described 
as the sum of two complex power series [3-27]. The model result is the envelope of the 
modulator RF output, which can be obtained by the quadrature summation of the 
envelopes of the I and Q channel outputs: 
                                               ̃  ( )   ̃ ( )    ̃ ( )                                              (3.20) 
The nonlinear behavioural model [3-25] was extended to be able to accurately capture 
both nonlinear distortion and linear static errors. The DC offset and amplitude/phase 
imbalance are modelled as three add-on coefficients:     /    ,   and  , which are added 
into the two complex power series, as shown in (3.18) and (3.19). 
                       ̃ ( )   ̃ , ( )-        ̃     ∑  ̃   
  
   
   
                                    (3.21) 
                   ̃ ( )   ̃ , ( )-        ̃     
    ∑  ̃   
  
   
   
                        (3.22) 
where  ̃   and  ̃   are the complex power-series coefficients characterising the non-
linear response of the I and Q channels. These coefficients were extracted by an offset 
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single-tone sinusoid AM/AM and AM/PM measurement and LS curve fitting [15]. The 
coefficients     /    ,   and   characterise the DC offset, amplitude imbalance and 
phase imbalance between the I and Q channels respectively.  
In [3-28], dual-input nonlinear model based on real valued Volterra (RV) series is 
proposed for the modelling and compensation of the nonlinear frequency-dependent I/Q 
imbalance. This model can be used for modelling both linear and nonlinear as well as 
frequency-dependent I/Q imbalance. The frequency-independent I/Q imbalance can be 
characterised using amplitude and phase error mismatch and compensated using Gram-
Shmidt procedure. Therefore, the ordinary Volterra series are extended to a dual-input 
Volterra series with the real and imaginary part of the output signal. The model is 
defined as following: 
  * ( )   ( ) +  ∑    
    
 
   ∑ ∑      
 (        )  
 
     
 
    
             ∑  ∑       
 (            )
 
       
 
                                        (3.23) 
where        and      (and     ) are the model coefficients determined in step 
2,   is the nonlinear order,   is the memory depth and    is the input of the step 2. 
Symbol   is used to denote Kronecker product. Also, vectors   and   are defined as: 
                               ,                                -
                             (3.24) 
and 
                                                 6
  (    )
  (    
7                                                    (3.25) 
3.5 Identification of DPD Functions  
There are two different ways to deploy DPD. The first approach is known as DLA and 
the second as ILA. These two architectures are used to create a DPD in the baseband 
block.  
Direct Learning Architectures: 
DLA implies synthesizing a model of the wireless transmitter and then inverting this 
model to determine DPD function (Figure 3.4). This architecture enables inverse 
function of the wireless transmitter behavioural model to be used directly to construct 
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DPD. Also, to minimise the error, DLA commonly utilises iterative optimisation 
procedure for the DPD parameter. In addition, determining the inverse of nonlinear PA 
function is complicated, especially when memory of the component is involved, [3-32]–
[3-34]. 
DPD





Figure 3.4: Block diagram of DLA. 
Indirect Learning Architectures: 
The second approach is based on identifying DPD function directly from the input and 
output waveforms of the DUT, which are computed with the measured input and output 
waveforms of the DUT (Figure 3.5). This way, it is possible to avoid the modelling 
process and parameter estimation of wireless transmitter components. Moreover, it has 
been shown that when good a behavioural model is obtained, a good inverse model 











Figure 3.5: Block diagram of ILA. 
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A large number of DPD are based on ILA. In implementing ILA, post-inverse 
coefficients are first identified and then copied to work as a PD. This post-compensator 
models the output into the desired input and after that, it can be used as a pre-inverting 
model for the DPD. In other words, a postdistorter first derives a postinverse of the 
nonlinear model without any PD and then the postdistorter is used as a PD [3-34]–[3-
35]. 
3.6 Joint Mitigation of I/Q Impairments and PA Nonlinearity Using 
DPD Techniques 
As discussed in previous chapters, I/Q impairments can significantly degrade the 
linearisation performance of DPD. Therefore, I/Q impairments should be considered in 
the DPD system.  
This section describes DPD technique which jointly compensates for I/Q impairments 
and PA nonlinearity in wireless transmitters.    
Parallel Hammerstein model:    
In [3-29], the PD is based on an extended PH structure, yielding a DPD that is fully 
linear in the parameters. This structure is completely parallel, enabling one-step joint 
estimation of all PD parameters using linear LS techniques and without any extra RF 
hardware. Thus, the PA PD is given by polynomials: 
                                
 
(  )  ∑     |  |
   
      ,                                         (3.26) 
with   denoting the polynomial order,    denoting the set of used polynomial orders and 
     denoting the polynomial weights. Furthermore, the subset of    in which orders 
only up to   are retained is denoted by    . The filters   ( ) are usually FIR filters. The 
PH model has been shown to be a versatile tool for inverse. The statistically orthogonal 
polynomials are adopted and the polynomial weights for    are: 
                                          (  )
(   )  
√
(   )
 
0




(   )
 
(   )
 
;
⏟   
 
                                       (3.27) 
where   is the binomial coefficient.  
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Figure 3.6 depicts the proposed PD structure.  













Figure 3.6: Block diagram of DPD based on PH structure. 
In this model, the conjugate and non-conjugate parts of PD structure are split, which 
results in parallel connection of two PH PDs with outputs: 
                                      (  )  ∑       (  )
 
                                                    (3.28) 
                                      (̅   
 )  ∑   ̅    (  
 )                                                 (3.29) 
where     and   ̅  denote the impulse response of   ( ) and   ̅( ) respectively and   
denotes convolution. It should be noted that: 
                                              ( )    ( )  ( )                                                      (3.30) 
                                             ̅( )    
 ( )  ( )                                                     (3.31) 
where   ( ) and   ( ) are filters for the original and conjugated signals used for I/Q 
modulator PD.  
Finally, taking into account the DC offset compensator   , the output of the complete 
PD can be written: 
                                                 (  )   (̅  
 )                                                (3.32) 
For the parameter estimation stage, ILA is utilised. Therefore, postdistorter output 
signal can be written in a vector-matrix notation as: 
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                                      ̂  ∑    
    ∑  ̅  
 
         ̅   
                              (3.33) 
where  ̂  is the postdistorter output signal. The filter impulse response vectors are given 
as: 
                                            0                 1
 
                                          (3.34) 
                                           ̅  0  ̅     ̅     ̅  ̅   1
 
                                        (3.35) 
And the filter input vectors are obtained as: 
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,                         (3.37) 
Notice that    and  ̅  are the linear filters of the PD, with respective lengths    and  ̅ , 
while    and  ̅  are the polynomial filters. The output vectors of the  th nonconjugate 
and  th conjugate PD branches are: 
                                                                                                                        (3.38) 
                                                      ̅   ̅  ̅                                                             (3.39) 
Here  
 
 is the nonconjugate polynomial basis matrix of order   and it is given by: 
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             (3.40)            
while  ̅
 
 is the conjugate polynomial basis matrix of order  , constructed in a similar 
manner. The matrix  
 
 has dimension (      )    ,  ̅ , where   is the number 
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of samples. Zeros rows are add to the bottom of these matrices to make them equal in 
height. By collecting all the polynomials basis matrices into a single block matrix and 
appending it with a vector of all 1’s, denoted by  , to account for the LO leakage, it is 
obtained: 












  1                                    (3.41) 
Finally, stacking the filter impulse response and the LO leakage compensator 
coefficients into a single vector as: 
                                    [  
    
     
   ̅ 
    
     
    ]
 
 ,                                         (3.42)   
It is possible to write the complete postdistorter vector as: 
                                                            ̂    .                                                           (3.43) 
Now, PD coefficients   can be calculated using the LS parameter estimation techniques 
as follows: 
                                                            (   )     .                                           (3.44) 
Joint compensation model for memory PA and frequency-dependent I/Q 
impairments:  
The model in [3-30] is depicted in Figure 3.7. it follows the ILA structure, which 




























Joint compensator I/Q Impairments Memory PA
copy
Figure 3.7: Block diagram of DPD based on joint compensation model. 
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 On one hand, the frequency-dependent nonlinear I/Q impairments of the upconversion 
circuit are modelled as a static nonlinear I/Q model followed with a linear time invariant 
(LTI) system. On the other hand, the memory PA is modelled as a Wiener model, which 
is represented as an LTI system followed with a memoryless nonlinear system. It should 
be noted that the two LTI systems (   and   ) can be merged, so only one LTI system 
    is required in the joint compensator. Based on the ILA, the cascade of the nonlinear 
system    and LTI system     makes up a Hammerstein model and they use the simpler 
MP model to replace the Hammerstein model, which can be described as: 
              ( )     . 
 ( ( ))/  ∑ ∑    | (   )|
    (   )    
   
   ,          (3.45) 
where   and   denote the order and the memory depth respectively and     denotes 
the complex coefficients. For simplicity, only the odd-order terms of the memory 
polynomial model are used. The static nonlinear I/Q compensator proposed in [5] is 
modelled as: 
 ( )    ( ( ))         ( )      
 ( )      
 ( )      ( )      
 ( )  
                           
 ( )      ( )  ( )      
 ( )  ( )      ( )  
 ( )                (3.46)                        
where  ( )    ( )     ( ) and the coefficients    (      ) is a complex number. 
Substituting (3.45) into (3.46), the different time-delay cross terms can be cut off, which 
have a less impact on the model and then the simplified new joint compensation model 
can be written as follows: 
 ( )     ∑ ∑ ∑      (   )
    (   )  ∑ ∑ ∑      (  
 
   
 
   
   
   
 
   
 
   
   
   
                                                                                            )    (   )                           (3.47)                                                                               
where   and  denote the order and the memory depth of the joint compensation model 
respectively and      denotes the complex coefficient. It should be noted that the model 
should contain both odd-order and even-order terms. Finally, based on the ILA, 
parameters of the joint compensator can be obtained by using the recursive least-mean 
square (RLS) algorithm.  
Rational function based model: 
The model in [3-31] is based on rational function (RatF) and it is defined as: 
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                                                    ( )  
∑    
 ( )    
∑    
 ( )
 
   
                                                  (3.48) 
where   and   are the order of the numerator and denominator respectively,    and     
are the coefficients of the model and  ( ) is the input of the system. The above 
representation does not take into account the memory of the system which cannot be 
ignored in the real system. Thus, with incorporation of the memory effects and 
consideration of the stability of the system, the output signal is defined as: 
                                        ( )   
∑ ∑     (   )| (   )|
  
   
 
    
   ∑    ( )| ( )|
  
   
                                  (3.49)            
where   is the memory depth and     and    are the coefficients of the model. In 
matrix notation, the above equation can be written as:  
                                                                                                                           (3.50) 
where   is the matrix which takes into account the input signal  ( ) and the output 
samples  ( ). For the mitigation of PA nonlinearity and I/Q imbalance, the   matrix 
can be written as: 
                                                       ,     
 -                                                      (3.51) 
To account for I/Q compensation,   
  has been appended to the    matrix. The    is 
defined as: 
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       (3.52) 
Also, the complex input vector is expressed as: 
                                  ( )  , (   )  (   )| (   )|
 -.                    (3.53) 
Hence, the coefficients can be determined using the LS approach:  
                                                       (   )     .                                               (3.54) 
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3.7 Joint Mitigation of I/Q Impairments and PA Nonlinearity Using 
DPD Techniques in Multi-branch and Multi-frequency MIMO 
Wireless Transmitters 
As indicated in chapter 2, the main challenge in designing wireless transmitters is the 
need for highly linear system with high data rates while spending as little power as 
possible. Therefore, wireless transmitters which support multi-branch and multi-
frequency MIMO technique are developed. However, there are side effects, such as 
crosstalk effect and CM products, which cannot be compensated for using techniques 
developed for SISO wireless transmitters.      
This section describes DPD techniques which jointly compensates for I/Q impairments 
and PA nonlinearity and additional side effects introduced from multi-branch or multi-
frequency MIMO wireless transmitters.    
Multi-branch MIMO: 
Multi variables memory polynomial model: 
The usage of multi-branch MIMO techniques introduces many problems similar to 
those encountered in SISO wireless transmitters, such as I/Q impairments and PA 
nonlinearity [3-36]. In addition to the nonlinearity induced by the existing PAs, linear 
and nonlinear memory effects and imperfections in the I/Q modulator, other issues 
specific to multi-branch MIMO wireless transmitters must be taken into account which 
are the crosstalk effects between the multiple input paths due to the interference 
between signals of different paths.  
The joint model for I/Q modulator’s I/Q imbalance and PA’s nonlinearity modelling in 
the case of multi-branch MIMO wireless transmitter is based on the MP model. The 
multi-branch MIMO wireless transmitter studied herein is a dual-input dual-output 
transmitter. To model the coupling effect, each output of the transmitter includes 
nonlinear cross terms between the two input signals. Furthermore, the modelling of the 
I/Q imbalance in the I/Q modulator is based on the modelling of the cross coupling 
channels between the I and Q components of the input signal of the I/Q modulator. 
These cross coupling terms can be introduced in the model by using the conjugate of the 
two input signals as described by (3.55).  
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The whole multi-branch MIMO wireless transmitter shown in Figure 3.8 is considered 
as a nonlinear system with four inputs (  ,  ,   
 ,   















Figure 3.8: Block diagram of DPD based on MP model. 
The relation between the inputs and outputs is expressed in matrix form as follows: 
                                             ,     -   ,       
    
 -                                          (3.55) 
where   is a nonlinear matrix function representing the behaviour of the wireless 
transmitter, including the PA nonlinearity, I/Q imbalance and the nonlinear crosstalk. 
The multi-branch polynomial model is used to characterise the static and dynamic 
(memory effect) nonlinear behaviour of the wireless transmitter. The closed form 
expression relating the complex envelope signals at the input and output of the 
nonlinear transmitter can be written as follows (see [3-36] ref therein): 
                         ( )   ∑ ∑     | (   )|
    (   )    
 
                                  (3.56) 
where  ( ) and  ( ) are the input and output complex signal envelops,      are the 
polynomial coefficients of the  th filter tap, and   and   are the maximum polynomial 
order and memory depth respectively. 
Equation (3.56) can be expressed in the matrix form as: 
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of the polynomial coefficients, 
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  is a     matrix 
and   ( ( )) is   defined as    ( ( ))   ( )
    ( ) ,          
  ⃗  , ( )    ( )-  is a     vector representing   samples of 
the input signal. 
The coefficients      can be determined by pseudoinversing matrix   ⃗ as follows: 
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  ⃗⃗
  ⃗.                                                (3.58) 
The aforementioned model can be extended for the dual-branch MIMO case, where 
there are two input and two output ports, in the presence of I/Q imbalance. The 
expression in equation (3.57) can be extended to the dual-input dual-output system as 
follows: 
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where  ⃗ ⃗ ,  ⃗ ⃗ ,  ⃗ ⃗  ,  ⃗ ⃗   are the matrices defined for inputs  ⃗ ,  ⃗ ,  ⃗ 
  ,  ⃗ 
  and  ⃗⃗    are 
the polynomial coefficients between input  ⃗  and output  ⃗ . Therefore the polynomial 
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     ([ ⃗ ⃗   ⃗ ⃗   ⃗ ⃗    ⃗ ⃗  ]),     -                      (3.60)           
where      is the Moore-Penrose pseudo-inverse of matrix.  
Parallel memory polynomial DPD: 
The drawback of the proposed MP DPD for the compensation of I/Q impairments and 
PA nonlinearity in multi-branch MIMO wireless transmitters is the high computational 
complexity involved in the DPD coefficient estimation technique (inversion of a large 
matrix). A parallel MP PD proposed in [3-37], compensates for PA nonlinearity, I/Q 
imbalance and crosstalk effect. Also, it reduces computational complexity. The DPD 
coefficients are estimated using an ILA. In this structure, the DPD parameters are 
estimated and copied to the PD avoiding the inverse model calculation required for 
DLA. However, upon several advantages, ILA is affected by measurement noise at the 
PA output. The DPD structure is depicted in Figure 3.9, where each block      denotes 



























Figure 3.9: Block diagram of DPD based on parallel MP model. 
65 
 
Based on this model, the DPD output associated to antenna   can be written: 
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where    
(   )
 and    
(   )
 are the MP coefficients associated with the input signal and its 
conjugate respectively.    
(   )
 and    
(   )
 are the coefficients associated with the crosstalk 
signal and its conjugate. The basis function are defined as  
  
   ( )|  ( )|
   and 
 
  
   ( )|  ( )|
  .     and    are the polynomial order and the memory depth of 
the branch   respectively.  
By defining the coefficients vector: 
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Finally, branch   DPD output can be written as: 
                                                 ̂ ( )    
 ( ) 
 
( ).                                              (3.66) 
Multi-frequency MIMO: 
Recently, a two-dimensional (2D) MP model [3-38], its low complexity version [3-39] 
and augmented Hammerstein [3-40] have been proposed for concurrent dual-band DPD. 
However, these DPD techniques are focused towards concurrent dual-band PA 
linearisation utilising an ideal modulator. 
Multi-frequency MIMO wireless transmitters need to simultaneously accommodate 
multiple standards of signal formats. The dual-band PAs for the RF front end have been 
successfully designed and is able to transmit dual-band signals concurrently. 
Accordingly, the overall efficiency of the wireless transmitter, which is mostly affected 
with the PA efficiency, is increased. However, the nonlinear behaviour of the dual-band 
PA is not the same as in the single band, it is more emphasised. I/Q impairments show 
CM effects between signals in two bands, which seriously affects the performance of 
the DPD technique. Therefore, during the DPD development presence of I/Q 
impairments must be taken into account.  
2D-DPD for I/Q  
In [3-41], joint PD for both the I/Q impairments and PA nonlinearity is proposed based 
on the 2D-DPD technique. Figure 3.10 illustrates the basic concept of construction for 















































Figure 3.10: Block diagram of joint predistortion technique based on 2D-DPD technique. 
First, when compensating the I/Q impairments and PA nonlinearity in a separate 
manner, two I/Q compensators are cascaded after the 2D-DPD blocks, as shown in 
Figure 3.9 (a). The I/Q compensators can be represented as the following model to give 
the final PD signals as 
                                                 ( )      ( )      
 ( )                                 (3.67)         
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where       correspond to the LB and the UB respectively.  The    and    are the 
compensation coefficients for I/Q imbalance and    are that for DC offset. Joint PD 
model based on 2D-DPD technique can be written: 
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               (3.69)                                                                              
where (      
( )
,       
( )
,   ) (     ) are the model coefficients. And the model structure is 
shown in Figure 3.9 (b), which actually consists of four 2D-DPD blocks by considering 
both the desired signals (  ( ),   ( )) and their image signals (  
 ( ),   
 ( )). One can 
easily use the LS algorithm for the extraction of coefficients since the output of the 
model is linear with respect to its coefficients. 
The pruned joint 2D-MP model:  
In [3-42], a method to prune the joint 2D-DPD model for concurrent dual-band 
transmitter where I/Q imbalance and LO leakage often exist is proposed. The 
phenomenon of over-compensation of the DPD model is found if too many terms in the 
DPD model are adopted. Thus redundant polynomial terms are removed in order to 
solve this problem and to reduce the model complexity. In other words, it was found 
that the conjugate signal is typically tens of decibels smaller than the direct signal, so 
there exist possible redundant terms which can be eliminated. Following this line of 
thought, the unnecessary high order terms of the conjugate signal can be removed, 
without causing serious negative influence on the performance. Thus the pruned new 
model is expressed as: 
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            (3.71) 
By carefully choosing the orders   and   (    ), typically           or more, 
the number of coefficients and the model complexity can be effectively reduced. By 
cutting off redundant terms of the joint 2D-DPD for I/Q model as expressed in 
equations (3.70) and (3.71), computational load can be decreased. Moreover, the 
numerical instability of model identification process can be mitigated.  
The radially-pruned multidimensional Volterra model: 
In [3-43], a radially-pruned multidimensional Volterra model for the modelling and 
linearisation of concurrent dual-band transmitters is developed. The general Volterra 
series for SISO transmitters, truncated to nonlinearity order  , representing a causal, 
discrete-time system of memory depth   is given by: 
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                        (3.72) 
where  ( ) and  ( ) are the RF input and output signals of the PA respectively and 
  (      ) are the passband Volterra kernels. For a dual-band PA,  ( ) is: 
                                                  ( )      ( )      ( )                                       (3.73) 
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where    is the period of sampling. Also,  ̃   ( ) and  ̃   ( ) are defined as: 
                                             ̃   ( )     ̃ ( )     ̃ 
 ( )                                      (3.75) 
                                             ̃   ( )     ̃ ( )     ̃ 
 ( )                                      (3.76)   
These signals present the baseband representations of the impaired input signals 
considering the effects of the I/Q imperfections, where   ,   ,    and    present I/Q 
impairments and they are defined as:   
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The substitution of (3.75) and (3.76) in (3.74) results in:  
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Then by substituting  ( ) given by (3.78) in (3.72), and regrouping the terms around 
the fundamental frequencies,    and   , the baseband representation of the full dual-
band Volterra model around    is: 
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The selection of the radial directions can be performed along the diagonals of this cube; 
(see ref [16] in [3-43]). Selecting the radial directions, forces all cross terms to have a 
delay of either   or  , and ignores all the different delays in between. The importance of 
these terms diminishes moving away from the origin. This becomes more evident in a 
dual-band model, since the effect of the input at the second band on the output of the 
first band decreases more when moving away from the origin with respect to each radial 
direction. Therefore, retaining only the most relevant terms in each direction 





Real valued time delayed neural networks: 
In [3-44], a concurrent dual-band DPD scheme for the joint mitigation of I/Q 
impairments and PA nonlinearity using a real valued feedforward neural network is 
proposed. Figure 3.11 shows the proposed real valued focused time delay neural 
network (RVFTDNN) topology for concurrent dual-band PA modelling. 
 
Figure 3.11: RVFTDNN model for concurrent dual-band wireless transmitters [3-44]. 
As it can be seen from Figure 3.11, the neural network (NN) takes both signal 
components and their previous samples as the input and individually models them to the 
PA output. Nonlinear activation function   is a hyperbolic tangent function, which maps 
each input into a range of ,    -. Weights are selected randomly in the 
range ,        - to avoid saturation of the neuron at   or   . (The detailed description 
of feedforward NNs can be found in ref [5] of [3-44].) The backward-propagation 
weight adjustment is done in batch mode to adjust the synaptic weights and biases at 
each layer according to the Levenberg-Marquardt algorithm: 
                                             ,  ( ) ( )    -    ( ) ( )                          (3.80) 
where  ( ) is the Jacobian matrix calculated over the error matix,  ( ), with respect to 
 , where 
                                    ,   
     
      
     
      
    
     
 -                           (3.81) 
                                                   ( )  ,  ( )   ( )-                                          (3.82) 
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  denotes the total number of training samples,   denotes the present layer,   denotes 
the succeeding layer and  n is the error term calculated for the  th neuron of layer  . 
According to the notations used in Figure 3.11, the number of neurons in each layer 
were      ,       for the lower band NN operating at    and      ,       for the 
upper band NN operating at   . The number of neurons in the outer layer was   for 
both NNs and memory depth is  . 
3.8 Summary 
This chapter is focused on explaining of different PA and I/Q behavioural models in 
order to understand how they work. Also, basic principle of DPD technique is 
extensively presented with explanation of two different architectures used to identify 
DPD function (DLA and ILA). Moreover, DPD techniques which jointly mitigate I/Q 
impairments and PA nonlinearity are described. DPD techniques applicable in multi-
branch and multi-frequency MIMO wireless transmitters are delineated as well.     
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COMPENSATION OF NONLINEAR 
DISTORTION FOR MULTI-
BRANCH MIMO WIRELESS 
TRANSMITTERS USING TWO-BOX 
MODEL  
4.1 Introduction 
In this chapter, a novel two-box model for the joint compensation of nonlinear 
distortion introduced from both I/Q modulator and PA for multi-branch MIMO wireless 
transmitters is proposed [4-1]. Many models have already been proposed in literature 
[4-2]–[4-4]. A joint predistorter based on PH model is developed for the compensation 
of both I/Q impairments and PA nonlinearity [4-2]. The main problem using this model 
is the high complexity. Also, the RatF [4-3] characterises PA nonlinearity and linear I/Q 
impairments. As a universal approximator and good extrapolator RatF provides more 
accurate results in comparison with MP model. The only problem is that memory needs 
to be incorporated in the real system, which will result in an increased model 
complexity. Furthermore, the dual-input nonlinear model based on the RV series for 
frequency-dependent linear and nonlinear I/Q impairments is proposed in [4-4]. This 
RV model as a simplified Volterra structure is still quite impractical in real systems 
because the number of parameters increases exponentially with higher nonlinear order 
and memory depth. All three algorithms are developed for SISO transmitters. These 
algorithms will be extended for multi-branch MIMO applications. Due to the 
aforementioned drawbacks of the models, a new two-box model for I/Q impairments 
and PA nonlinearity for multi-branch MIMO wireless transmitter is proposed. The 
nonlinear distortion is compensated by implementing PD in two phases, where each 
phase is identified separately and modelled by a lower order of implemented functions 
(RatF-RV). The proposed two-box model relies on the idea to gradually compensate the 
nonlinear distortion. It will be shown that by employing the two-box model not only its 
complexity can be reduced, but also better performance can be achieved. The 
performance of the proposed model is evaluated through simulations and measurements, 
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in terms of ACPR, EVM and NMSE improvements using four 3 MHz LTE signals and 
two WCDMA signals respectively. 
4.2 Proposed Approach for Multi-branch MIMO Wireless 
Transmitters 
Multi-branch MIMO wireless transmitters enable increasing both the coverage of 
wireless transmitters and the capacity without increasing the frequency bandwidth or 
average transmit power. Therefore, multi-branch MIMO wireless transmitters are 
becoming one of the most popular designs for wireless communication systems. The 
simplified block diagram of a dual-branch MIMO wireless transmitter as an example of 

















Figure 4.1: Simplified block diagram of dual-branch MIMO wireless transmitter. 
As mentioned before, a PA is one of the most challenging blocks in designing a wireless 
transmitter. Also, the efficiency of the PA significantly affects the overall efficiency of 
the wireless transmitter. On the one hand, the PA that amplifies the wideband signals 
with a high PAPR produces distortion, which results in adjacent channel interference 
and in-band distortion. These significantly degrade the quality of the signal. On the 
other hand, if the PA operates in the linear region with a large back-off, the power 
efficiency will be decreased. Hence, it is desired that the PA works in the nonlinear 
region where it produces nonlinear distortion. The use of dual-branch MIMO wireless 
transmitters means that two transmission paths will be implemented on the same 
chipset, which will cause interaction and correlation between the signals. This 
interaction between the multiple paths is known as a crosstalk effect. Thus, the relation 
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between inputs (  ,   ) and outputs (  ,   ) of the dual-branch MIMO wireless 
transmitter can be presented as: 
                                               ,     -   ,     -
                                                    (4.1) 
where   is a nonlinear matrix presenting nonlinear behaviour (PA nonlinearity and 
crosstalk) of the dual-branch MIMO wireless transmitter [4-5].  
Another component that is critical in designing a wireless transmitter is an I/Q 
modulator. It is responsible for up-converting the baseband signal to RF frequencies. 
During the up-conversion process, the I/Q modulator induces distortion to the signal, 
which can be manifested as an I/Q imbalance, DC offset and LO leakage. These 
distortions must not be disregarded since they affect the transmitted signal and will 
further degrade the quality of the transmitted signal.  Thus, distortion introduced from 
the I/Q modulator must be taken into account.  
In addition, the modelling process of I/Q impairments is based on the modelling of the 
cross coupling channels of the I and Q components of the input signal. It can be 
presented using the conjugate of the input signals (  ,   ,   
 ,   
 ) and the outputs (  , 
  ): 
                                          ,     -   ,        
   
 -                                              (4.2) 
where   is a nonlinear matrix presenting nonlinear behaviour (I/Q impairments, PA 
nonlinearity and crosstalk) of the dual-branch MIMO wireless transmitter [4-6].  
Due to the aforementioned distortion which exists in wireless transmitters, various 
models such as PH, RatF and RV, are developed for the compensation of nonlinear 
distortion and the improvement of the quality of signal. As it will be shown in this 
chapter, using these models a good performance is obtainable. However, a high 
complexity of the wireless transmitter is an inevitable drawback. Therefore, the two-box 
model is developed for joint compensation of I/Q impairments, PA nonlinearity and 
crosstalk effects for multi-branch MIMO wireless transmitters. The use of it brings the 
identification of each phase separately while the contribution of the previous phase is 
taken into account. Furthermore, the model is iterative, which means that it will 
converge after a few system-level iterations.        
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Figure 4.2 illustrates the steps of the proposed two-box model, which includes 
implementation of the two phases. System level identification is done separately for 
each phase. Once phase 1 is identified (Figure 4.2 a), it will be considered as being a 
part of a new system (Figure 4.2 b), which apart from phase 1 will include an I/Q 
modulator and a PA as well. Now, in phase 2, which is added to improve the 
performance, new parameters of the system are identified. This way, it is possible to 
optimise the identification of any system, which will lead to more accurate results. 
Accordingly, it is feasible to compensate for residual distortion.  
During each iteration, only one phase is processed. Also, both phases are modelled by a 
lower value of the polynomial order and the memory depth. Compared with the 
conventional models identification complexity of the proposed two-box model is lower. 
In addition, the identification complexity is calculated by computing the number of 
multipliers needed for the identification of the model coefficients. Often, more than one 
system level iteration must be performed for the identification of phases. Hence, when 
convergence of phase 1 is finished, it can be persisted with the identification of phase 2. 
The two-box model is realised by implementing algorithms RatF in phase 1 and RV in 

















































































Figure 4.2: Illustration of the two-box model (a) Phase 1; (b) Phase 2. 
The concept of RatF uses the ratio of two polynomials for the modelling process, where 
more information about the signal distortion is attained. The best results in modelling so 
far were obtained by implementing the Volterra model. The approximation power of 
RatF is the same as the Volterra model but it can be done with a lower complexity. It 
also has a better extrapolation ability. Despite all the benefits that are achieved by 
implementing RatF, the main problem is still complexity. In other words, there is a high 
number of parameters when a high order of RatF is used.     
It is defined as: 
    *  ( )+     
∑ ∑      (   )|  (   )|
  
   
 
   
  ∑     ( )
 
   |  ( )|
  
∑ ∑      
 (   )|  (   )|
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                                                                                                                                   (4.3) 
where   and   denote the order of the numerator and denominator respectively,    
denotes the DC offset,     ,   ,     and    denote the coefficients of the model,   
denotes the memory depth and   ( ) denotes the input signal of the phase 1 [4-3].  The 
above equation in the matrix notation can be written as: 
                                                    * ( )+                                               (4.4) 
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The equation 4.4 is defined as follows: 
                                                             , ( )  ( )-,                                          (4.5) 
where   is the number of samples.  
Matrix   represents the matrix which takes both the input and the output samples in 
case of the RatF structure (as described in [4-3]) and   represents the output samples.  
For the mitigation of PA nonlinearity and I/Q imbalance,   matrix can be written as: 
                                                        ,     
 -                                                      (4.6) 
To account for I/Q compensation,   
  has been appended to    matrix, which is defined 
as: 
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       (4.7) 
Also, complex input vector is expressed as: 
                                  ( )  , (   )  (   )| (   )|
 -.                      (4.8) 
Using LS solution [4-7], coefficients of the model in phase 1 can be calculated as 
follows: 
                                                          ( 
  )                                             (4.9) 
these values represent the model coefficients in phase 1 (       ).  
The increase of the nonlinear order and the memory depth of the RatF model can lead to 
non-realistic estimated coefficients. Moreover, the nonlinearities that exist in the I and 
Q branches of the I/Q modulator cannot be compensated for by using RatF models. 
These limitations of the model can be avoided using phase 2. The advantage of using a 
model based on RV series in phase 2 of the proposed two-box model is a possibility to 
manipulate the real numbers instead of complex numbers, which reduces the complexity 
of the algorithm. With such implementation, not only the terms from each branch are 
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included, but also the cross terms between the I and Q branches. In other words, it can 
model both the linear and the nonlinear I/Q impairments. 
The RV is described as: 
   * ( )
   ( ) +  ∑     
     ∑ ∑       
 (         )  
 
     
 
    
 
    
                                      ∑  ∑        
  
       (            )
 
                  (4.10) 
where         and     (and    ) are the coefficients of the model determined 
in phase 2,   and   are the polynomial order and the memory depth respectively and 
     is the input of the phase 2 [4-4]. The symbol   is used to denote Kronecker 
product and it is defined as: 







    
    
    
    
]                                            (4.11) 
In equation 4.6, information from I and Q signals is separately used to create dual-input 
real-valued coefficients for the I and Q branches. In addition, for the modelling of an 
I/Q modulator and its impairments, all nonlinear terms must be included, not only odd 
terms as in the case of PA modelling.  
Also, vectors   and   are defined as: 
                               ,                                -
                             (4.12) 
and 
                                                6
  (    )
  (    
7                                                    (4.13) 
 
Coefficients in phase 2 can be determined using LS solution [4-7] as follows: 
                                                          ( 
  )                                            (4.14) 
where these values represent coefficients of the model. 
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The block diagram of the proposed DPD, which is based on the two-box model 
described previously, is shown in Figure 4.3, where LS solution is used for the 
calculation of the DPD coefficients in both stages. For DPD implementation, ILA is 
utilised, where a post-inverse is identified and used as a pre-inverse. The main goal of 
using this structure is to progressively mitigate the linear and nonlinear distortion. The 
principle is based on the compensation in two phases. In phase 1, one part of distortion 
from I/Q modulator and PA is compensated. As the complexity of the RatF model rises 
fast with the increase of the nonlinear order and the memory depth, it is used as a 
technique which partly compensates for nonlinear distortion and prepares the signal for 
using the RV model. After phase 1, the predistorted signal is now used as the new input 
in the transmitter front-end. In other words, RatF will derive a new output signal for 

































Figure 4.3: ILA of a two-box DPD. 
4.3 Least Square Solution 
The easiest way for estimating model coefficients using LS algorithm [4-7] is to first 
collect the coefficients in equations (4.3) or (4.6), into one vector   (   , where   is 
the total number of coefficients). These coefficients appear as a linear weighting of 
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nonlinear signals, such as in equations (4.3) and (4.6). Each component of the 
coefficient vector   is associated with a signal whose time samples over some period 
(        ), are collected into a vector  . 
For example, in equation 4.3, coefficient     is associated with the signal  (  
 )| (   )| , whose time samples define an     vector. Assembling all such 
vectors into a     matrix  , the model output can then be compactly expressed as: 
                                                              ̃                                                              (4.15) 
Where  ̃ is an     vector that designates an estimate of the actual output vector  . 
Hence, the inverse modelling method used in the predistortion technique, where the 
input   is being estimated from the output samples  ( ) (        ), is written as: 
                                                              ̃                                                              (4.16) 
where   ̃ is an     vector that designates an estimate of the actual input vector  , and 
  vector presents DPD coefficients. Matrix   is constructed in a similar way as matrix 
 , where  (   ) is replaced with  (   ). This is the actual form of the estimation 
employed in the context of predistortion applications. Also, the estimation error  ( ) is 
written: 
                                                             ( )   ( )   ̃( )                                      (4.17) 
Similarly in vector form, estimation error is expressed: 
                                                                     ̃                                                   (4.18) 
Therefore, the LS solution that minimises ‖ ‖  as follows: 
                                                              (   )     .                                         (4.19) 
4.4 Simulation Results 
The system level simulation was performed in Matlab. 3 MHz LTE (64 QAM OFDM) 
signals were created and passed through a four-branch MIMO wireless transmitter. In 
these simulations, different bit streams were sent in each of the four signal paths. 
Therefore, spatially multiplexed four-branch MIMO wireless transmitters were 
analysed. Taylor series PA model for real Mini-Circuits ZFL-500 PA was extracted 
experimentally and this model was used in simulations. The model from [4-8] was used 
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in order to simulate the non-linear distortion and linear static errors (DC offset, gain and 
phase imbalance) for an I/Q modulator.  Also, an amount of -15 dB nonlinear crosstalk 
is introduced in four-branch MIMO wireless transmitters. 
In order to evaluate the compensation of the nonlinear distortion, accuracy of the 
models and its complexity, the following parameters were calculated and are presented 
in Table 4.1: ACPR, EVM, NMSE, floating point operations (FLOPs) [4-9] and number 
of coefficients. The numbers of coefficients (       ) and FLOPs of tested models 
have been derived and the following forms are: 
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The number of FLOPs is calculated as sum of         and         which is defined as in 
[4-9]. 
Moreover, the output spectra of system for different models are shown in Figure 4.4. 
Furthermore, the results of AM/AM and AM/PM of PA output signal are presented in 
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FLOPs No. Coeff 
Without DPD -29.0 18.4535 -17.2597 / / 
PH (5, 5)    
      (5, 3)  
















RatF (5, 5, 4) 
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RV (5, 3)    
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RatF (5, 3, 2) –  
RV (3, 1) 
 
RatF (4, 3, 2) –  
RV (3, 2) 
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Table 4.1: Performance of the models. 
 




As it can be seen, the two-box model (RatF-RV) decreases the ACPR to -44 dBc. Also, 
EVM and NMSE go as low as 0.99 %, and -34 dB respectively, which indicate that the 
two-box model is able to successfully compensate for I/Q impairments and PA 
nonlinearity in four-branch MIMO wireless transmitters.  
It is worth mentioning that RV deals with real coefficients. This leads to reduced 
computational load of the two-box model in comparison with studied models, since they 
have complex coefficients. The existence of two phases in the two-box model enables 
scaling down the nonlinear order and the memory depth as well. Compared with studied 
models, the proposed model significantly decreased the number of FLOPS. 
By comparing results obtained using one model of cascade (RatF or RV), with the two-
box model, it is shown that the proposed model not only achieves better performance, 
but also reduces the numbers of both FLOPs and coefficients. The RV model, as a 
modified Volterra structure can compensate for the nonlinear distortion introduced from 
both, I/Q modulator and PA. The main drawback is the exponential increase of the 
number of coefficients.  
It can be seen from Table 4.1 that with decrease of the polynomial order and the 
memory depth the complexity of the wireless transmitter reduces accordingly. In case 
when the best modeling performances are achieved the proposed two-box model 
reduces the numbers of both FLOPs and coefficients in comparison with the studied 
models. The optimal results are obtained using             for the RatF and 
        for RV, where     and   are defined as in the equation 4.3 and  and  
as in the equation 4.10. It is possible to derive result which can be satisfactory for some 
application and reduce even more complexity, as in case              for the  
RatF and        for the RV.       
As it can be noticed from Figures 4.5 and 4.6, strong gain and phase compression are 
manifested at PA output signal (DPD off case). By using the RV model this dispersion 
is reduced but its level is still high. Compared with the RV model, the PH and the RatF 
models give better results. However, the results after applying the proposed two-box 
model show that the AM/AM and AM/PM curves are thinner and the output amplitude 




Figure 4.5: AM/AM curves of the proposed two-box DPD and its comparison with the 
existing models. 
 
Figure 4.6: AM/PM curves of the proposed two-box DPD and its comparison with the 
existing models. 





































































4.5 Experimental Results 
Experiments were carried out using the measurement setup shown in Figure 4.7. It 
consisted of two signal generators, Keysight MXG N5182A and ESG E4433B, which 
were used to emulate the dual-branch MIMO wireless transmitter. The coupler was 
utilised in order to model the crosstalk effect that appears in the dual-branch MIMO 
wireless transmitter’s paths. A Mini-Circuits ZFL-500 PA was used as the DUT for 
measurement. This DUT was fed by two WCDMA signals on the same frequency with 
the same input power with an imbalance  artificially introduced I/Q offset of 3% and 5% 
respectively and 3° I/Q skew. This signal with 20 dB nonlinear crosstalk effect was 
passed through the model which created a predistorted signal. Finally, the predistorted 
signal was provided to the Keysight MXG N5182A signal generator, where it was up-
converted to RF. The linearised signal was down-converted by the Keysight VSA and 
captured by the 89600 VSA software running on the PC. The polynomial order (  and 
 ) and memory depth (  and  ) were varied during the measurement until the 





















Figure 4.7: Measurement setup. 
In order to evaluate the compensation of the nonlinear distortion, accuracy of the model 
and its complexity, the following parameters were calculated and presented in Table 
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4.2: ACPR, EVM, NMSE, FLOPs and the number of coefficients. The optimal values 
of the polynomial order (  and  ) and memory depth (  and ) for the experiment are 
given in the Table 4.2. These values are obtained using trial measurements.  
Furthermore, the output spectra of transmitter for the different models are shown in 
Figure 4.8.  
Model  
(orders K, Q, P 
and K, M) 
ACPR 
(dBc) 





FLOPs No. Coeff 
Without DPD -26.8 15.0035 -20.3568 / / 
PH (5, 4)       -32.5 3.6572 -27.7222 820 102 (complex) 












RV (4, 2)        -29.2 6.2153 -22.1520 1578 4x382 (real) 
Two-box 
RatF (4, 3, 2) –  






















Ph.2: 4x48 (real) 
 
 
Table 4.2: Performance of the models. 
 




The two-box model (RatF-RV) decreases the ACPR to less than -40.5 dBc. Also, EVM 
and NMSE go as low as 0.09 %, and -37 dB respectively, which indicate that the two-
box model is able to successfully compensate for I/Q impairments and PA nonlinearity 
in the dual-branch MIMO wireless transmitter.  
The complexity rises very high with the increase in the polynomial order and memory 
depth of the RatF. It is implemented as phase 1 of the two-box model which will partly 
compensate for the PA nonlinearity, I/Q impairments and crosstalk effects. With such 
an implementation number of both, FLOPs and coefficients are lower in comparison 
with the studied models. Existence of phase 2 in this two-box model enables further 
compensation of nonlinear distortion which exists in the dual-branch MIMO wireless 
transmitter. Also, the computational load of the two-box model based on the RatF-RV is 
low. In other words, complexity is significantly reduced. 
4.6 Summary 
A new two-box model for the joint compensation of I/Q impairments, PA nonlinearity 
and crosstalk effects for multi-branch MIMO wireless transmitters has been proposed. 
The nonlinear distortion is compensated by implementing the PD in two phases, where 
each phase is identified separately and modelled by a lower order of implemented 
functions (RatF and RV). The model relies on the idea to gradually compensate the 
nonlinear distortion. This significantly minimises the complexity of the modelling 
process. By comparing results obtained using PH and RatF models with the proposed 
model, it is shown that the numbers of both, the FLOPs and the coefficients are reduced 
while performance is at a high level. It also achieves improvements in ACPR, EVM and 
NMSE. 
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COMPENSATION OF NONLINEAR 
DISTORTION FOR CONCURRENT 
DUAL-BAND WIRELESS 
TRANSMITTERS 
 USING TWO-BOX MODEL  
5.1 Introduction 
A novel two-box model for the joint compensation of nonlinear distortion introduced 
from both I/Q modulator and PA for concurrent dual-band wireless transmitters is 
proposed [5-1]. To achieve strong service demands, wireless transmitters need to 
incorporate different standards at the same time, which result in processing different 
signals within different frequency bands [5-2]–[5-3]. This implies the use of PAs that 
accommodate concurrent signals at different frequency bands. The nonlinear behavior 
of the dual-band PA is not the same as one in the single band, but it is more emphasised. 
The existence of I/Q modulators ensue generating and processing the I and Q channel 
inputs separately. Due to hardware imperfections of an I/Q modulator, the differences 
may appear between I and Q signals. These differences introduce further distortion to 
the signals.  Therefore, during the DPD development the presence of I/Q impairments 
must be taken into account.  
Many models have already been proposed in literature [5-4]–[5-11]. Joint predistorter 
based on 2D-DPD model is developed for the compensation of both I/Q impairments 
and PA nonlinearity (2D-DPD for I/Q) [5-4]. The main problem using this model is the 
high complexity which is directly involved with the existence of three summations. 
Also, the low complexity 2D-DPD (LC 2D-DPD) model proposed in [5-5] does not take 
into account I/Q impairments. Therefore, this model will be extended to compensate for 
I/Q impairments (LC 2D-DPD I/Q). As it will be shown, LC 2D-DPD for I/Q reduces 
the complexity of the detriment of accuracy.  
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The Wiener and Hammerstein models are known as two-box models. These models 
adapt/employ a cascade of nonlinear function and linear filter to model the nonlinear 
component [5-6]. In other words, they assume that the memory effects are linear. In 
practice, due to thermal, non-ideal impedance matching and bias circuit modulation 
effects, it was found that nonlinear component exhibit nonlinear dynamics, which 
cannot be ignored [5-7]. Since, these models do not take into account the nonlinear 
memory effects and cross-terms, they limit the modeling performance. Therefore, the 
forward twin-nonlinear two-box (FTNTB) model as more general implementation of the 
Hammerstein model was proposed in [5-8]. The FTNTB model uses a memory 
polynomial function as the second one, which is able to take into account the nonlinear 
memory effects. In this way, the overall performance of the Hammerstein model was 
improved. The FTNTB model is developed for single band transmitters. For the 
compensation of nonlinear distortion introduced by the PA in concurrent dual-band 
wireless transmitter 2D forward twin nonlinear two-box (2D-FTNTB) model was 
developed in [5-9]. The proposed 2D-FTNTB model presents 2D-Hammerstein 
structure, which is consisted of two memoryless 2D-DPD models followed by two 
memory 2D-DPD. However, as the nonlinearity order and the memory depth increase, 
the condition number of the Vandermonde matrix that needs to be inverted while 
identifying memory polynomial coefficients increase drastically. It can be concluded 
that complexity using 2D-FTNTB rises fast with increase of the nonlinear order and the 
memory depth. Also, the models mentioned before are not developed to take into 
account the I/Q impairments.                
Moreover, the RatF [5-10] characterises PA nonlinearity and linear I/Q impairments for 
single band wireless transmitters. As a universal approximator and a good extrapolator, 
RatF provides more accurate results in comparison with the MP model. The only 
problem is that memory needs to be incorporated in the real system, which will result in 
an increased model complexity. Furthermore, the dual-input nonlinear model based on 
the RV series for frequency-dependent linear and nonlinear I/Q impairments is also 
developed for single band transmitters [5-11]. In this letter, RatF and RV models will be 
extended for the concurrent dual-band transmitters (2D-RatF and 2D-RV). This RV 
model as a simplified Volterra structure is still quite impractical in real systems because 




Therefore, a new two-box model for I/Q impairments and PA nonlinearity for 
concurrent dual-band wireless transmitter is proposed. Using the proposed two-box 
model, the nonlinear distortion is compensated by implementing PD in two phases, 
where each phase is identified separately and modelled by the lower order of 
implemented functions (2D-RatF and 2D-RV). The proposed two-box model relies on 
the idea to gradually compensate the nonlinear distortion. It will be shown that by 
employing the two-box model not only its complexity can be reduced, but also better 
performance can be achieved. The performance of the proposed model is evaluated in 
terms of ACPR, EVM and NMSE improvements using 1.4 MHz LTE and WCDMA 
signals. 
5.2 Proposed Approach for Concurrent Dual-band Wireless 
Transmitters 
Concurrent dual-band wireless transmitters support two different standards in different 
frequency bands. In other words, two modulated signals are transmitted simultaneously. 
Therefore, the nonlinear behaviour of these transmitters is much more noticeable since 
the in-band and out-of-band IM and CM products contribute further to the signal 
distortion. Around each carrier frequency, stand in-band IM products that are similar to 
those in single-band wireless transmitters. Out-of-band IM products are placed between 
two signals located far from the desired ones and can be easily filtered out. CM 
products represent IM products between signals in both frequency bands which appear 
in the same frequency bands as in-band IM products. It can be concluded that in-band 
IM and CM products cause bandwidth regrowth and introduce interference to the 
signals which is much greater than single-band wireless transmitters. Hence, new DPD 
model must be developed to take into account all these effects together with I/Q 
impairments and PA nonlinearity.       
Compensation of nonlinear distortion is accomplished by using independent processing 
blocks for both frequency bands. In this way, the sampling rate requirements of both 
converters, the digital-to-analogue and analogue-to-digital, are reduced. Figure 5.1 
illustrates the steps of the proposed two-box model, which includes the implementation 






















































































Figure 5.1: Illustration of the two-box model (a) Phase 1; (b) Phase 2. 
System level identification is done separately for each phase. Once a phase 1 is 
identified (Figure 5.1(a)), it will be considered as being a part of a new system (Figure 
5.1(b)), which, apart from phase 1, will include I/Q modulator and PA as well. Now, in 
phase 2, which is added to improve the performance, new parameters of the system are 
identified. This way, it is possible to optimise the identification of any system, which 




The two-box model is realised by implementing the algorithms 2D-RatF in phase 1 and 
2D-RV in phase 2. The concept of 2D-RatF uses the ratio of two polynomials for the 
modelling process. Thus, more information about the signal distortion is attained. It is 
defined as: 
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where   and   denote the order of the numerator and denominator respectively,       , 
   ,       ,     and   are the model coefficients,   is the memory depth,   ( ) and 
  ( ) are the input signals.  
The above equation can be developed in a matrix form as follows: 
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where       are indexes used to indicate the lower and the upper frequency bands. 
The parameters in the above equation are defined as follows: 
                                                      ,  ( )   ( )-,                                               (5.3) 
where   is the number of samples.  
Matrix  ( ) represents the matrix which takes both the input and the output samples in 
case of RatF structure and    represents the output samples.  
 For the mitigation of PA nonlinearity and I/Q imbalance,   matrix can be written as: 
                                                        ( )  [ ( )   ( ) ]                                                (5.4) 
To account for I/Q compensation,   
  has been appended to the    matrix. The    matrix 
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Also, the complex input vectors are expressed as: 
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Using LS solution, coefficients of the model in phase 1 can be calculated as follows: 
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these values represent the model coefficients in phase 1 (       ).  
The increase of the nonlinear order and memory depth of the 2D-RatF model can lead to 
non-realistic estimated coefficients. Moreover, the nonlinearities that exist in the I and 
Q branches of the I/Q modulator cannot be compensated for by using 2D-RatF models. 
These limitations of the model can be avoided using the phase 2. The 2D-RV model is 
defined as following: 
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where         and     (and    ) are the coefficients of the model determined 
in phase 2,   and   are the polynomial order and the memory depth respectively and 
      and       are the inputs of the phase 2. Symbol   is used to denote Kronecker 
product. 
Also, vectors   and   are defined as: 
                               ,                                -
                             (5.10) 
and 
                                                6
  (    )
  (    
7                                                    (5.11) 
Coefficients in phase 2 can be determined using an LS solution as follows: 
                                                          ( 
  )                                            (5.12) 
where these values represent coefficients of the model. 
 The advantage of using a model based on the 2D-RV series in phase 2, is the possibility 
to manipulate the real numbers instead of complex numbers, which reduces the 
complexity of the algorithm. 
5.3 Experimental Results 
Experiments were carried out using the measurement setup shown in Figure 5.2. It 
consists of two signal generators, Keysight MXG N5182A and Keysight ESG E4433B. 
The power combiner was utilised in order to model concurrent dual-band wireless 
transmitter. Aggregated signals are passed through Mini-Circuits ZFL-500 PA, which 
represents the DUT. Two signal generators were set to have baseband timing alignment 
and transmit signals at carrier frequencies of 400 MHz (WCDMA signal) and 500 MHz 
(1.4 MHz LTE signal) with an imbalance artificially introduced I/Q offset of 3% and 
5%, respectively and 3 I/Q skew. The nonlinearity order and memory depth were varied 

















Figure 5.2: Measurement setup. 
In order to evaluate the compensation of the nonlinear distortion, accuracy of the 
models and its complexity, the following parameters were calculated and are presented 
in Table 5.1, 5.2 and 5.3: ACPR, EVM, NMSE, FLOPs [5-12] and the number of 
coefficients. Further, the output spectra of transmitter for different models are shown in 
Figures 5.3 and 5.4 for the UB and LB respectively. The results of AM/AM and 
AM/PM of PA output signal for UB and LB are presented in Figures 5.5, 5.6, 5.7 and 
5.8 respectively.   
Model  
(orders K, Q, P and K, M) 
ACPR (dBc) 








Without DPD -26.45 16.0035 -23.9833 
2D-DPD I/Q (5, 5) -46.50 1.3996 -38.0830 
LC 2D-DPD I/Q  (5, 5) 







2D-RV (4, 3) 







2D-RatF (5, 5, 4) -46.52 1.3774 -39.0062 
2D-RatF (4, 3, 2) – RV (3, 2) 












(orders K, Q, P and K, M) 
ACPR (dBc) 








Without DPD -32.20 16.0035 -26.7804 
2D-DPD I/Q (5, 5) -42.00 1.0512 -40.4337 
LC 2D-DPD I/Q  (5, 5) 







2D-RV (4, 3) 







2D-RatF (5, 5, 4) -42.08 0.9986 -40.4938 
2D-RatF (4, 3, 2) – RV (3, 2) 







Table 5.2: Performance of the models for LB. 
Model  
(orders K, Q, P and K, M) 
FLOPs No. Coeff 
Without DPD / / 
2D-DPD I/Q (5, 5) 3450 422 (complex) 
LC 2D-DPD I/Q  (5, 5) 





2D-RV (4, 3) 





2D-RatF (5, 5, 4) 1318 162 (complex) 
2D-RatF (4, 3, 2) – RV (3, 2) 
 








Ph.2: 4x110 (real) 
Ph.1:58 (complex) 
Ph.2: 4x48 (real) 





Figure 5.3: Power spectra of the proposed two-box DPD and its comparison with the 
existing models UB.  
























































Figure 5.4: Power spectra of the proposed two-box DPD and its comparison with the 
existing models LB. 




















































As can be seen, the two-box model (2D-RatF-2D-RV) decreases the ACPR to less than 
-48 dBc for the UP and less than -45 dBc for the LB. Also, EVM and NMSE go as low 
as 0.72% for the UB and 0.58% for LB, and -42 dB for the UB and -44 dB for the LB 
respectively. By comparing the results obtained using one model of cascade (2D-RatF 
or 2D-RV) with the two-box model, it is shown that the proposed model not only 
achieves a better performance, but also reduces the numbers of both the FLOPs and the 
coefficients. 
As RV deals with real coefficients, the computational load of phase 2 in the two-box 
model is almost the same as for the LC 2D-DPD for I/Q, since it has complex 
coefficients. The existence of two phases in the two-box model enables scaling down 
the nonlinear order and memory depth. Also, the number of FLOPs is significantly 
reduced in comparison with all the studied models. 
As can be noticed from Figures 5.5, 5.6, 5.7 and 5.8, significant dispersion is manifested 
at the PA output signal (DPD off case). By using the 2D-RV model dispersion is 
reduced but its level is still high. 2D-DPD I/Q and LC 2D-DPD I/Q models give better 
results in comparison with 2D-RV model, while with 2D-RatF, AM/AM and AM/PM 
curves for both bands are thinner. However, the proposed two-box model gives best 
AM/AM and AM/PM performance. The AM/AM and AM/PM curves are thinner in 
comparison with the 2D-RatF model. Also, the output amplitude has been thoroughly 
linearised using the proposed two-box model. All the results prove that the proposed 
two-box model is able to successfully compensate for I/Q impairments, PA nonlinearity 





Figure 5.5: AM/AM curves of the proposed two-box DPD and its comparison with the 
existing models UB. 










































































Figure 5.6: AM/AM curves of the proposed two-box DPD and its comparison with the 
existing models LB. 


































































Figure 5.7: AM/AM curves of the proposed two-box DPD and its comparison with the 
existing models UB. 





































































Figure 5.8: AM/AM curves of the proposed two-box DPD and its comparison with the 
existing models LB. 
 








































































A new two-box model for the joint compensation of I/Q impairments and PA 
nonlinearity, as well as CM products for concurrent dual-band wireless transmitter has 
been proposed. The nonlinear distortion is compensated by implementing PD in two 
phases, where each phase is identified separately and modelled by the lower order of 
implemented functions (2D-RatF and 2D-RV). The proposed model relies on the idea to 
gradually compensate the nonlinear distortion. This significantly minimises the 
complexity of the modelling process. It also achieves improvements in ACPR, EVM 
and NMSE. 
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CONCLUSION AND FUTURE 
WORK 
This chapter summarises the contributions made in this thesis and reiterates the 
potential for future work, both of which have already been covered in some detail at the 
end of previous chapters. The main focus of this thesis was to develop and investigate 
an accurate and low complexity DPD technique for compensation of I/Q impairments, 
PA nonlinearity, crosstalk effects and CM products that appears in multi-branch MIMO 
and concurrent dual-band wireless transmitters. The thesis therefore, has addressed 
some of the challenges that appear during this process, such as modelling accuracy, 
complexity and linearity of wireless transmitters. This was achieved by evaluating 
nonlinear distortion that appears in the wireless transmitters and demonstrating the 
effects of distortion on the transmitted signal. After that, a new two-box model was 
developed that successfully modelled and compensated for undesired effects in multi-
branch MIMO and concurrent dual-band wireless transmitters.    
Chapter 1 has provided an outline of the thesis and introduced the aims and objectives 
as well as a brief discussion of the past research work that has been carried out with 
regards to modelling and compensation process of nonlinear distortion that appears in 
wireless transmitters.  
The basic background theory, which was relevant to the subject of this thesis has been 
given in Chapter 2. A brief overview of requirements of the parameters for linearity in 
wireless transmitters has been provided with a description of nonlinear distortion 
introduced from I/Q modulator and PA. Also, main system parameters have been 
demonstrated together with metrics that are needed for evaluating performances of 
wireless transmitters. Then explanation of OFDM technology as basis of LTE wireless 
system has been addressed. The chapter has also highlighted the distortion that is 
additionally introduced in wireless transmitters using multi-branch or multi-frequency 
MIMO systems, such as crosstalk effect and CM products, respectively.   
Overview of behavioural models of I/Q modulator and PA has been addressed in 
Chapter 3. Then, adaptive DPD architectures, such as DLA and ILA have been 
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explained. Also, the problem relating to the joint compensation of I/Q impairments and 
PA nonlinearity together with crosstalk effects or CM products have been demonstrated.     
Chapter 4 has introduced a new two-box model for joint compensation of I/Q 
impairments, PA nonlinearity and crosstalk effects for multi-branch MIMO wireless 
transmitters. The key idea was to gradually compensate for the nonlinear distortion by 
implementing predistorter in two phases. When identification of phase 1 is finished, it 
will belong to a new system, a cascade of I/Q modulator and PA. This enables reduction 
of model complexity, since only one phase is processed by iteration. In addition, model 
complexity depends on the number of parameters that are needed for identification 
process, which are minimised with the existence of two phases. Then, phase 2 can be 
identified and new coefficients are calculated. Phase 2 is added to compensate for 
residual distortion or improve linearity of the new system. Phase 1 of two-box model is 
realised using RatF and phase 2 using RV model, where both models are modified so 
they can take into account crosstalk effect. The two-box model was verified through 
Matlab simulation and experimental measurement.          
In Chapter 5, the proposed technique that was described in Chapter 4 was developed for 
concurrent dual-band wireless transmitters. In other words, a two-box model was 
introduced to compensate for I/Q impairments, PA nonlinearity and CM products. As 
explained in Chapter 4, the model was implemented in two phases, where each was 
identified separately. Therefore, the identification of any system was optimised. The 
identification complexity was much lower in comparison with conventional systems, 
since only one phase was processed during iteration. In addition, the identification 
algorithm has used an ILA and LS method for parameter identification. The two-box 
model was realised by implementing algorithms 2D-RatF in phase 1 and 2D-RV in 
phase 2, which were modified to take into account CM products that appear in 
concurrent dual-band wireless transmitters.  2D-RatF was chosen as its approximation 
power is the same as Volterra model, which so far gives the best modelling results.  
Also, in comparison to the Volterra model, complexity of 2D-RatF is lower. 
Implementation of phase 2 enables scaling down the nonlinear order and memory depth 
of 2D-RatF (phase 1), since increase of those parameters can lead to non-realistic 
estimated coefficients. 2D-RV model was able to compensate nonlinear distortion that 
appears in I/Q modulator. In addition, experimental verification of the proposed two-
box model for compensation of I/Q impairments, PA nonlinearity and CM products for 
concurrent dual-band wireless transmitters has been demonstrated in this Chapter.        
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6.1   Contributions of the Thesis 
The research work presented in this thesis has made the following list of contributions. 
1. The problems of I/Q impairments, PA nonlinearity and crosstalk effects which 
appear in multi-branch MIMO wireless transmitters have been addressed. Also, 
the development of a novel two-box model, which jointly compensates for these 
impairments, has been conducted. In order to show the influence of the 
distortion which appears in multi-branch MIMO wireless transmitters, 
evaluation has been done using Matlab simulations and experimental 
measurements. The proposed two-box model has been validated through Matlab 
simulation as well as experimental measurements. In comparison with the RatF 
model, it was shown that two-box model improves ACPR by about 2.3 dB and 
reduces the number of both the FLOPs and the coefficients.    
2. For the first time, the development of a two-box model for the joint 
compensation of I/Q impairments, PA nonlinearity and CM products for 
concurrent dual-band wireless transmitters has been presented. This model 
enables the compensation of nonlinear distortion gradually, which leads to a 
reduced complexity. This is possible since the identification is done separately 
for each phase. Phase 1 is implemented using the 2D-RatF which has the same 
approximation power as the Volterra model. To overcome the problem of non-
realistic estimated coefficients which can be manifested using the RatF, phase 2 
of the two-box model is implemented. Ability to use the 2D-RV model as phase 
2 has demonstrated the improvements in ACPR, EVM and NMSE. Moreover, 
the number of both the FLOPs and the coefficients has been decreased. 
Experimental verification of the proposed two-box model has been provided.   
6.2    Suggestions for  Future Work 
The research work detailed in this thesis has addressed some of the challenges that 
pertain to model and compensate nonlinear distortion, which appears in multi-branch 
and multi-frequency MIMO wireless transmitters. However, there is still some scope for 
expansion. Future work in this field could therefore address several possible areas.  
1. The two-box model which was proposed in Chapter 4 was experimentally 
verified using the PA ZFL 500 for multi-branch MIMO wireless transmitters. 
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Nevertheless, with the increase in the efficiency of wireless transmitters, new 
experimental verification will be needed. Therefore, the proposed model will be 
further investigated engaging the new high-power high-efficiency types of 
power amplifiers (Doherty, class F, inverse class F or class J PAs that exhibit 
strong memory effects) as DUT. Also, these new tests will conduct multi-branch 
and multi-frequency MIMO wireless transmitters architecture.     
2. The thesis has introduced a two-box model for the joint compensation of 
nonlinear distortion introduced in multi-branch and multi-frequency MIMO 
wireless transmitters using 4G signals. Therefore, a second suggestion for future 
work is the implementation of different digitally modulated signals in different 
types of wireless transmitters. Also, new experiments can be conducted with a 
new modulated signal with different and wider frequency bands using the two-
box model proposed in Chapter 4 and 5 respectively.    
3. The possibility of the extension of the concurrent dual-band wireless transmitters 
to more multi-frequency wireless transmitter will open up new opportunities for 
further development of the proposed two-box model. This property might be 
beneficial, since the model has significantly lower complexity in comparison 
with the studied models. It also improves the performances of the wireless 
transmitters. Generally speaking, the further reduction in the complexity of DPD 
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